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AR
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¢b

LIST OF SYMBOLS

Definition

Aspect ratio
Number of blades
Span of balance
Span of flap

Longitudinal Cyclic
Coefficient

Airfoil section chord

Blade chord

Root-mean square chord
of wing over span of flap

Balance section chord;
distance from flap hinge
line to leading-edge of
exposed-overhang balance

or to a point midway be-
tween the points of attach-
ment of the flexible seal

of a sealed internal balance

Root-mean square balance
chord over the span

Contour balance section
chord for plain-overhang
balance; distance from
hinge to point of tangency
of balance leading-edge
arc and airfoil contour
(see fig. 5.2)

Root-mean square contour

balance chord over the
span

viti

Usual

Dimens ion

ft

ft

ft
ft

ft

ft

ft

ft

ft



Usual

Symbol Definition Dimens ion
ch Balance-plate chord ft
p for internally balance

flaps, distance from

flap hinge line to

leading edge of

balance plate ft

cd Drag coefficient
cf Flap chord ft

Cf Root-mean-square
flap chord over ft
the span

Ch Hinge Moment Coefficient =
Hinge _Moment
—_2_.—_
qC¢
Cp, = 3C, Variation of hinge deg
a 3da moment coefficient
with angle of attack rad-1

§ 98 Variation of hinge moment deg‘1
coefficient with control
surface deflection rad-1

Ch Tab hinge moment
t coefficient

Cy Section 1ift
coeffecient

CL Lift coefficient of rotor
G Basic 1ift due to camber
Cy = 3G Variation of section 1ift deg

a da coefficient with angle of
attack rad-1

§ 3§ Variation of sectional deg‘1
1ift coefficient with
control surface deflection rad-1

ix




Usual

Symbol - Definition Dimension
Cq Maximum 1ift coef-

max ficient
Cq Additional 1ift

1 coefficient at a

section caused by an
angle of attack change
over rotor blade (wing)

C1 Average value of the 1ift-
1 curve slope over the span
a of the control surface
CL Rotor 1ift coefficient
R in wind-axes system, Lift
a pSlQR}E
Cm Pitching Moment coefficient, M
qSc
Cp Pressure coefficient, P-Pq
q
Cp Rotor power coefficient, (torque)(9)
o pS(Q)R)
Cx Rotor propulsive-force
R coefficient in wind-
o axes system, _ drag
pSiQRsz
Ct Tab chord ft
Cr Rotor thrust coefficient
o (shaft-axes 1ift coefficient)
Cw Airfoil section with tab
coefficient
d Distance from hinge-axis
to midpoint of upper-
surface width ft
D Drag 1bs
Ee Effective edge velocity

correcton factor



Symbol

(1-E)¢

Ec = f
F1,F2,F'2
F3,F4,Fs5,F¢6
g

HP

K1

CRIT

Definition Dimension

contour of the flap
when undeflected meets
the upper and lower
surfaces of the air-
foil at x = (E ¢+ E*)

Flap chord ft

Correlation factors

Gap between leading-edge

of undeflected balance plate
and forward wall of balance
chamber of internally
balance flap expressed as a
fraction of the balance-
plate chord cp

p
Horsepower

Ratio between angular
deflection of control
and flap deflection with
spring tab fixed

Lift 1bs

Vertical line clearance
required for seal to

develop moment for the
flap arrangement

Mach number; also with
subscripts, 0,A,B of
figure 5.2, area moment
of exposed-overhang-
balance profile about
hinge axis

Moment of the balance 1b-ft

Critical Mach number

xi



Symbol
M
DDg

M
(1)(270)

Mg

RN

Definition

Zero-1ift drag
divergence Mach
number

Rotor blade tip
Mach number at 270°
azimuth position

Seal moment ratio
for internally
balanced flap; ratio
of balancing moment
of flexible seal to
balancing moment of
thin-plate overhang

Seal-Moment or in-
cremental hinge moment
resulting from seal

of unit span

Distance measured
normal to streamline

Static pressure at a
point on the airfoil

Static pressure in the
free air stream

Resultant pressure
coefficient

Dynamic pressure of
the free air stream

.Rotor torque

Reynolds number; also
with subscripts, 0,A,B
of figure 5.2, nose
radius of exposed-
overhang balance

Rotor radius

Usual

Dimens ion

ft

1b/sq. ft

1b/sg. ft

1b/sq. ft

1b/sq. ft
ft-1bs

ft



Usual
Symbo1l Definition Dimension

r/R = x Blade radial station,
ie ratio of blade
element radius to rotor
blade radius

s Width of flexible
seal of internally
balanced flap expressed
as a fraction of the
balance plate chord
cp ; and also similar

p
symbol is used to measure
distance along a stream-
1ine

S Reference areas [ (number
of blade) x (blade chord)
x (rotor radius)]

t Airfoil section thickness
at flap hinge line ft

T = apr Tensile force per 1b/ft
unit span

T Root-mean square of

airfoil section
thickness at flap
hinge 1ine over span

of tab ft
v Free stream velocity ft/sec or knots
X Chordwise coordinate ft
(x,y) Physical plane of

zero incidence, with
an Argand plane

Y1 Distance from plane of
symmetry to inboard end
of tab ft

Yo Distance from plane of
symmetry to outboard
end of tab ft

L Physical plane for an
absolute incidence of o
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Subscripts

a, Of

*

Greek Symbol

ag =

@
Q

@
O

Usual

Definition Dimension

As suffixes to denote
values at absolute
incidence of a and
flap deflection &f

As suffice to denote
values at an infinite
distance from the air-
foil

Meaning airfoil surface

Angle of attack deg or rad

Incidence of the front

part of the airfoil

measured from the & = 0 deg or rad
chord line

Angle of attack of control
axis (swash plate) relative
to tunnel centerline, positive

tilted aft deg
Ideal angle of attack deg or rad
Angle-0f-Zero 1ift deg or rad

Angle of rotor shaft

from vertical, positive

shaft tilted aft; also

used for stalling angle deg or rad

Flap effectiveness
parameter; effective
change in section
angle of attack per
unit change in flap
deflection or 1ift
effectiveness of the
control surface

Inflow angle of attack deg

xiv



Greek Symbol

Definition

)

.75

(s 0)

8¢

cr

Blade section pitch
angle measured from the
Tine of no 1ift of the
airfoil section to the
plane of the rotor disk

Twist

Cyclic pitch

Collective pitch at
0.75R

Plane of velocity

equipotentials

(¢ = constant),

and streamlines

(v = Constant)

for zero circulation (a = 0)

Control surface angle

Flap deflection, measured
positively from a down-
ward movement of the flap

Critical flap deflection;
that is deflection at which
plain-overhang balance is no
longer effective in reducing
slope of hinge-moment curve

Deflection of balance plate
of internally balanced flap

Rotor blade azimuth angle
measured from downwind position
in direction of rotation

Induced inflow velocity at
rotors also used for ratio
of specific heats

Usual

Dimension

deg

deg

deg

deg

deg
deg

deg

deg

deg

deg

ft/sec



Usual

Greek Symbol Definition Dimension
A Mean induced velocity
i including ground effect
and rotor/rotor interference ft/sec
p=Vv Advance ratio
R
Q Rotor rotational speed rad/sec
R Rotor tip speed ft/sec
Ps P Local and Stagnation
0 densities respectively slug/cu. ft
=39S Rotor Solidity
TR2
fmax Blade maximum bound ft2/sec
circulation
A Incremental change
< Less or equal to

xvi



SUMMARY

A new rotor configuration called the variable camber rotor was investigated
numerically for its potential to reduce helicopter control loads and improve
hover performance; This rotor differs from a conventional rotor in that it
incorporates a deflectable 50% chord trailing edge flap to control rotor 1ift,
and a non feathering (fixed) forward portion. Lift control is achieved by
linking the blade flap to a conventional swashplate mechanism, therefore, it
is pilot action to the flap deflection that controls rotor 1ift and tip path
plane tilt.

This report presents the aerodynamic characteristics of the flapped and
unflapped airfoils, evaluations of aerodynamics techniques to minimize flap
hinge moment, comparative hover rotor performance and the physical concepts
of the blade motion and rotor control. Al1l the results presented herein are

based on numerical analyses.

The assessment of payoff for the total configuration in comparison with
conventional blade, having the same physical characteristics as an H-34
Helicopter rotor blade was examined for hover only. The variable camber rotor
configuration is shown to reduce hover power required by at least 2.6% for
a flap deflection of 2 degrees. This power improvement was attributed to a
change in the spanwise 1ift distribution decreasing both profile and induced

power of the rotor.

Xviq



CHAPTER 1
INTRODUCTION AND BACKGROUND

Over the years, the design of helicopters has undergone cycles
of refinement taking advantage of developments in advanced technology
(reference 1 ). Increased demand in payload, hover performance and
speed have forced the researcher to examine over and over the limits
of rotor design and operation. One of the elements establishing these

1imits is the sectional performance of the airfoil employed.

Because of the progress in theoretical airfoil analysis, it has
become possible to estimate two-dimensional characteristics which, until
recently, could be quantified only experimentally. The new methods have
permitted the definition of advanced airfoils which, compared to airfoils
in use today, display improved drag divergence and maximum 1ift charac-
teristics while retaining low pitching moment levels and acceptable pro-

file drag.

The key sectional characteristics of the airfoils employed on a
rotor can be separated into three flow regions:
e Supercritical flow at low 1ift, typical of the advancing blade tip
in forward flight.
e Lift levels of C_ = 0.6 at Mach number near M = 0.6, representative
of hover requirements.
e High 1ift at Mach number in the range of 0.3 < M < 0.5 over the

retreating blade. Most helicopters airfoil design objectives fall



within one of these three regions, illustrated in Figure 1.1 (see

Reference 2).

LIFT COEFFICIENT,C,
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It is difficult to quantify the local flow along a rotor blade so
that airfoil design objectives can be set., This difficulty arises from
any or all of the following effects:

o Tip relief

e Blade elastic characteristics

e Unsteady aerodynamics

® Tip sweep

e Tip planform variation

® Reynolds number
Consequently, the design of a rotor with fixed geometry inevitably involves
compromises in the choice of the blade airfoil section. A rotor utilizing
variable geometry has the potential of eliminating or alleviating some of

these compromises.

This project then explores an innovative idea of improvement of heli-
copters. This concept uses variable camber for blade 1ift control to
reduce control loads and improve performance, while keeping the rotor
control system as simple as possible. The variable camber rotor has the
advantage of providing more mean-line curvature where high 1ift is re-
quired and reduced curvature at lTow 1ift and transonic conditions as
required near the advancing blade tip, thus changing the design restric-

tions of fixed-contour rotor blades.

The advanced rotor development carried out during the late 1960's
and early 1970's showed that helicopter rotors in high speed flight can

become limited by advancing blade loads as well as retreating blade stall.



New guidelines were then set to control the margin between the drag rise

and the growth in pitching moments at high subsonic Mach numbers. Figure
1.2 shows the regions in the rotor disc where phenomena take place which

limit the rotor operation because of the rapid growth in drag (power re-

gquired), the growth in sectional pitching moments (advancing blade loads

or "Mach tuck"), and possibly local loss of 1ift, also associated with

power and load penalties.

INTERMEDIATE y = 180°
SECTIONS
OPTIMIZED
FOR RETREATING
BLADE STALL

_ o}
Y = 270 v =290

COMPRESSIBILITY

REVERSE FLOW
REGION

M> Mgt

I (o]
}:::] Mppo
' O MACH TUCK

O DRAG

Figure 1.2. ROTOR ENVIRONMENT - FORWARD FLIGHT
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After a preliminary investigation, the variable camber concept was
selected, because it would yield airfoils which exceed the present bound-
ary. In addition, an investigation of variable camber by use of the Boeing
Vertol VR-7 airfoil modified with a 50 percent chord trailing-edge flap
deflected 0 to 20 degrees illustrates the potential benefits of improved
airfoil designs in terms of a potential improvement over the undeflected
Vertol VR-7 airfoil or the best current advanced airfoils. (Fiqure 3,

Ref. 3 ) illustrates the present state of helicopter airfoil optimization

based on advanced/retreating blade characteristics.



CHAPTER 2

DESCRIPTION OF THE VARIABLE CAMBER ROTOR SYSTEM

2.1 General - The variable camber rotor model is a four-bladed fully
articulated system, with the same physical characteristics as an H-34
helicopter blade (see ref. 4). Variable camber is provided in the form
of deflectable trailing edge flaps on the blade. The rotor blades flap

about a hinge that is offset from the shaft axis.

2.2 Blades - The airfoil section are VR-7 from root cutout to 0.9R
and VR-8 from 0.9R to tip. An internally sealed flap in the inboard
trailing edge area has an envelope of 0.5c and 0.9R. The overall changes
imply that the trailing portion of the blade will be deflected about a

hinge from some neutral position,

The sketches in figures 2.1 and 2.2 shows the variable camber rotor
with the flap neutral and with the flap deflected 20 degrees respec-
tively, and also delineates other features of the concept that are vital
to achieving the design objectives. The primary features and their
functions are as follows:

® The primary load carrying structure is the forward section of
the blade and is not connected to the control system.

° Thg aft section or flap is attached to the forward section by
a pin joint arrangement. It is also connected to the rotor
control system for the control of rotor thrust level and vec-

toring. This section is configured by aerodynamic and mechanical



BLADE FORWARD
SECTION

FLAP TO CONTROL
ROTOR LIFT

A
"1" PILOT INPUT TO FLAP DEFLECTION
(STANDARD CONTROL MOTIONS
WITH SWASHPLATE MECHANISMS)

Figure 2.1. - Variable Camber rotor blade with
flap neutral.

BLADE FORWARD
SECTION

FLAP TO CONTROL
ROTOR LIFT (&4 = 20°)

: PILOT INPUT TO FLAP DEFLECTION
{(STANDARD CONTROL MOTIONS
WITH SWASHPLATE MECHANISMS)

Figure 2.2 - Variable Camber rotor blade witB a 0.5¢c
Trailing edge flap deflected 20 .



techniques to achieve low flap hinge moments.

® The forward section has structural properties that are stiffer
than the aft section in all directions.

® The rotor considered has conventional flap and lag hinges.

® The rotor hub is a conventional articulated hub.

o Control by cyclic pitch change will be accomplished by a linkage
from the blade flaps to a "swash plate", which is a rotating

plane that defines the pitch of the blades.

2.3 Articulated Rotor System - The blades are attached to the hub

by hinges, free to flap up and down and swing back and forth. The main
characteristics of this system are: 1) Blade root moments are small; 2)
The articulated hinges can be offset from the center of rotation to pro-
duce high control moments, thus permitting large allowable travel of c.g.;

3) Lead-lag dampers are usually required (see ref. 5).

2.4 Design Criteria - The geometry of the hypothetical conventional

rotor is given in table 2.1.

Table 2.1. Rotor Blade Geometry
o ]
GEOMETRICAL DEFINITION DIMENSION
Rotor radius, R 28 FT
Blade chord, c 1.367 FT
Cutout radius 4.48 FT
Rotor Solidity, bc/aR 0.0622

Blade moment of inertia about

flapping hinge
Flapping hinge offset
Number of blades
Blade taper ratio
Normal tip speed

1264 FT-IB-SEC2

1.0 FT
a4
1.0
700 FPS




CHAPTER 3
AERODYNAMIC SECTION ANALYSIS

This chapter detail the process by which one particular flapped
rotor configuration was chosen and evaluated as to its potential for pro-
viding a relatively high final maximum 1ift coefficient (in the 1.67-1.9
range) with a small flap deflection (no more than 15-20 degrees); small
deflections are desirable, since they minimize the drag increment in-
volved. Although not presently a key design criterion, some consider-

ation was given to the increase in pitching moment due to flap deflection.

The 1ift and drag characteristics of the chosen section were obtain-
ed by inserting the airfoil's geometrical coordinates into an airfoil

analysis computer program.

As is implied above, this analysis covers only a single configura-
tion which was chosen with only very rough optimization criteria. The
two-dimensional airfoil analysis methods used herein permitted the pre-
diction of the effects of flap configurations on airfoil characteristics.
Though large amounts of empirical data are available on 1ift characteris-
tics of many specific flap arrangements, and some reasonably reliable,
somewhat generalized semi-empirical methods are available for analyzing
1imited classes of flap types and deflections (see Refs. 6 and 7), more
reliable methods are avaiable in (Refs. 8 and 9) of a sufficient flex-
ible and general nature to permit a broad and comprehensive optimization

with regard to the two-dimensional characteristics of flapped airfoils.



3.1 Section Selection - The Vertol VR-7 airfoil was selected because

it afforded a higher C| pax and low speed capability than another section

commonly used in rotors, the NACA 0012 (see Ref. 3, fiqure 3).

The maximum 1ift coefficient for the unflapped VR-7 airfoil (for
the viscous/potential flow interaction, Reynolds number of 1.592 x 105)
is 1.22. This figure had to be increased by 0.68 to put in it the desired
maximum 1ift coefficient range. Simultaneously, parasite drag increments
had to be minimized; there was no clear ceiling value for ACqy, but
it was clear that the increments caused by such typical configurations
as 25% chord plain flaps deflected 30-60 degrees would be unacceptably
large (ACq approximately .08-.20, representing easily an order of magni-
tude drag increase) (see Ref., 6, Fig. 6.1.7-22). It appeared that only
by using large-chord flaps with small deflections would one escape large

drag penalties.

Based on preliminary investigation through literature search etc.,
a configuration was adopted which included a plain flap with .50 chord
ratio. The 0.50 chord ratio was selected because it appeared to repre-
sent a reasonable compromise between flap effectiveness and the tendency
to increase drag {that is dCj/da and dCq/da) (see Refs. 10, 11 and Appen-
dix G, Ref. 7). Also, within the analysis performed here, it is assumed
that the flap is of the sealed-gap type and, furthermore, that the blade
surface remains continous and unbroken even with the flap deflected (see

Figure 3.1), and (also ref. 8).

The two-dimensional 1ift, drag and pitching moment characteristics

of the section were found by using the Ames Multielement airfoil analysis

10
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(a) FLAP NEUTRAL

{b) FLAP DEFLECTED 20°

Radius = ,1060C
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(c) COMBINATION OF FIGURES (a) AND (b)

Figure 3.1. - Boeing Vertol VR-7 wit

B Flap neutral and with
.50C flap deflected 20
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computer code (Ref. 12) and (Ref 13), which required as inputs, the
airfoil geometrical coordinates (percent of chord deviation vertically
from the airfoil chord line as a function of percent of chord length,
Mach number, Reynolds number, free stream velocity and angle-of attack.
The coordinates of the flapped airfoil were determined by graphical
superimposition of the aft-chord of the Boeing Vertol VR-7 airfoil de-
flected 2 to 20 degrees on the undeflected forward half-chord (see
Fig. 3.1). The effective point of rotation in this graphical process
was taken to be at the 50-percent chord point on the airfoil's Tlower
surface. Some interpolation and smoothing were applied to both the
upper and lower surface coordinates to preserve a continous surface.
The overall changes imply that the trailing portion of the blade will

be deflected about a hinge from some neutral position,

Mach number and Reynolds number ranges were established based on the
rotor environment in forward flight (see Ref. 3, figures 2 and 3), free
stream velocity and assuming the rotor to be a four-bladed, fuily artic-
ulated rotor system (see Ref. 4), with some gross physical dimensions
as an H-34 standard blade (radius of 28.0 ft, constant blade chord of
1.367 ft, tip speed of 700 fps). With these specification and assuming
sea-level day ambient conditions, tip Mach number was approximately 0.6,
while tip Reynolds number was about 2.4 X 100; these quantities were

decreased proportional to radius for stations farther inboard.

12



Lift coefficient versus angle-of-attack values were generated up
to stall for flap deflections from 0 to 20 degrees. Simultaneously,
the drag and pitching moment coefficients corresponding to these values
were generated herein. Plots of the results are shown in figure 3.2,
along with the curve for the unflapped VR-7 section generated by the

same computer program.

Based on these results, it was shown that the changes obtained were
associated with large increase in maximum 1ift, substantial shifts in the
angle of zero 1ift (more negative without changing the lift-curve slope)
and large pitching moment changes (more negative). This is due in part
to the fact that for a cambered airfoil, the flow comes smoothly onto
the nose at some angle which 1in general is different from zero. This
angle is called ideal angle of attack, oj (see Refs. 14 and 15). At
angle different from oj, the strength of the singularity increases with
6 -a 1)2, that is, the pressure distribution at the nose may be cor-
related with o - aj. This, of course, is correlated with the stagnation

point location; at a - «j the stagnation point is at the nose.

It has been known that for a straight airfoil, the 1ift coefficient
C1 = 0 at o = 0; but for cambered airfoils there is a basic 1ift, C1 = Cyp
at a= oj. It is called the basic 1ift because it is independent of the
nose singularity, depend only on the camber. At angles different from

aj there is an additional 1ift, which is equal to 2m(a - aj), and is
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thus related to the singularity.

These concepts are outlined by Allen

in Ref 15, where the expressions are given as follows:

C1 = Cip + 2n(a - aj) (3-1)
m
Clp = 2 J dyc cos 6do (3-2)
o
Ll
o =1 s dyc de (3-3)
™ dx
o]
where

x =1/2 (1 - cos 9)

The angle 6 is related to the chordwise coordinate x by the last equa-
tion, and is illustrated in the sketch below. dyc/dx is the slope of
the camberline. If y.(x) is given analytically, it can be transform to

yc(©) and the above expressions integrated for Cyp and oj.

Source: Ref. 16

y, |

di , Trailing
L:gg;ng xatl-4 edge
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I

where f, is referred to as the flap chord, and could be expressed as:
f=1/2 (1 + Cos o)

Though the 1ift, drag and pitching moments coefficients values gen-
erated herein by the airfoil analysis computer codes are considered
reasonable, the magnitude of the increment of the profile drag coeffi-
cients was compared by plotting the 1ift coefficient versus drag coeffi-
cient (see Figure 3.4). Figure 3.4 shows that there is only a minimal
difference between the profile drag coefficient for the flapped airfoil
deflected 2 degrees and the unflapped airfoil. Also by comparing with
data from a 65-210 airfoil for a 0.50c flap deflected 0 to 10 degrees
given in Ref. 11, there, the difference 1in drag coefficient between
the unflapped airfoil and the airfoil with the flap deflected 10 degrees
is .002. However, in the present analysis, it was assumed that there
was no unanticipated roughness and that there was perfect continuity in
the airfoil surface near the flap hinge, which would ensure that perfor-
mance estimates were conservative, at least with regard to what is pre-

sently known about the drag of flapped airfoils.

3.2 Pressure Distribution - The results of the pressure distribution

for the VR-7 airfoil with a 50 percent chord trailing edge flap are shown
in the form of resultant-pressure increment diagrams (see Fig. 3.2); which
represent changes in resultant pressure distribution caused by a change in
angle of anyone part or a combination of the component parts of the air-

foil with regard to the flap.
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AIRFOIL ANALYSIS
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Figure 3.2.

Numerical analysis of the resultant pressure
distribution over the VR-7 airfoil at various
angles of attack. Flap neutral and flap

deflected 10 degrees.
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The analysis were computed at angles of attack range (-16 to + 12
degrees) at interval of 2 degrees. The flapped configurations were set
at angles of 0 to 20 degrees. Values were generated throughout the en-
tire angle-of-attack range for each flap deflection. A1l diagrams of the
resultant pressure or resultant pressure increment of the airfoil due to
flap were computed and plotted as pressure coefficient (Cp) which can be
represented by the following equation:

Cp = PR = p-Po (3-4)

q

where P, is the static pressure at a point on the airfoil; P, is the
static pressure in the free air stream; and q, is the dynamic pressure

of the free air stream.

The pressure distributions for the various flap deflections showed
peaks on the upper and lower surface near the 50 percent chordwise posi-
tion where the direction of the surface changes rapidly. This imply that
the deflection of the flap causes an increment of pressure over the entire
airfoil, this increment reaching peak values at both the nose and at the

hinge axis (see Refs. 11 and 16).

3.3 Trailing-edge Flap Characteristics - The downward deflection of

the modified VR-7 airfoil with the 50 percent chord trailing edge flap
effectively makes the ordinates of the mean camber 1ine more positive in
this region. As a consequence, the angle-of-zero 1ift (aL o) become
more negative and the 1ift at a given geometrical angle is increased.

Thus the term (cose-1), expressed in (Ref. 17, chapter 5, equation 34)
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in equation:
T
qo =1 [ dz (Cose-1)do vanishes at the leading edge where o = 0;
m 4o dx

and its absolute values reaches maximum at the trailing edge where

0 = = (see Ref. 17).

The 1ift curve is displaced to the left as a result of an increase
in o o negatively (see Figure 3.3). The gain in 1ift at the given geo-
metric angle of attack 1is shown as ACy. By reference to Fig. 3.3,

Aq o is given by the formuia (see Ref. 17):
Boy o = (ACy/27m) = [(m - &) + 2 sin ol S¢/m (3-5)

where o, is related to the hinge location by the expression X, = f =1/2
(1 + Cosey). Equation (3-5) show that the incremental values of Tift
coefficient (C]) about the aerodynamic center and o, vary linearly with
the flap deflection. Thus the portion of the mean camber line in the

vicinity of the trailing edge powerfully influences the value of o,.

Though the stalling angle (o) is reduced by the deflection of
a flap, the reduction is not great enough to remove the gain arising

from the increase in C;  and the shift of the curve as a whole (see Figure
max
3.3).
This analysis further dindicate, that with the flap neutral, the
curve is linear to within 1 or 2 degrees of the airfoil stail, whereas

with the flap deflected 10 to 20 degrees, the curve is linear for a range

of angle of attack, and then assumes a break as the flap stalls. Beyond
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the flap stall, the curve become more gradual, indicating that separation
is continuing to build up over the airfoil proper as the 1ift increases

until the airfoil stalls.

Also, it 1is known that for a thin airfoil, stalling occurs at the
nose, and is determined principally by the history of the development
of the boundary layer from the stagnation point on the lower surface,
around the nose, into the adverse gradient downstream of the suction
peak, on the upper surface (see Ref. 16). The important developments
occur within the first few percent of the airfoil chord. This suggests
the idea that a family of airfoils having the same nose but different
after-bodies (camber, thickness distribution, etc.) should exhibit a
correlation at stalling, namely, that at stall the conditions at the
nose are identical for all the airfoils. This implies that the stagna-
tion point 1location is at the same Tlocation in all cases and that the
pressure distribution around the nose is a function only of stagnation
point Tocation. The 1latter point has, infact, been demonstrated by
Rettie (Ref. 18). While in the case of the trailing edge, the stall
starts at the trailing edge and depends on the whole boundary layer devel-
opment history up to there. Also, the airfoil continues to develop 1ift
after separation has occured; and the progress of development after

separation is different for different airfoils (see Ref. 16).

3.4 Flap Deflection Range - The projected flap deflection range were

based on the maximum allowable flap deflections for the linear 1limit of
the airfoil characteristics up to stall conditions at several angle-of-

attack ranges.
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The allowable range of flap deflection (&f) required for this con-

figuration is 0 to +20 degrees.

3.5 Trailing-edge Plain Flaps - The term "plain flaps" as used here-

in includes any conventional flap type airfoil, regardless of contours,
that has not been modified with any form of internal balance, overhang
balance or tab balance, etc to reduce the hinge moment (see chapter 4).
Plain trailing edge flaps are formed by hinging the rearmost part of the

wing section about a point within the contour (see ref. 19).

Figure 3.1.A shows the general planform of the VR-7 with flap neutral
(i.e. & = 0°), while Figure 3.1.B shows the modified VR-7 airfoil with a

50 percent chord trailing edge plain flap deflected 20 degrees.

Thus, the plain trailing edge flap can then be considered as a start-
ing point for all forms of controls. The effectiveness of the flap de-
rives from the fact that on rotation it changes the camber of the section
and so permits of a change of circulation and therefore, of 1ift at a

given incidence.

Then, when applied to rotor analysis, the change in chordwise Toad-
ing produced by a positive setting of the flap in this investigation
will have a maximum near the rotor leading edge and a secondary peak at

the flap hinge, falling to zero at the flap trailing edge (see Figure 3.2).
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CHAPTER 4
HINGE MOMENT PREDICTION TECHNIQUES

This chapter discusses the characteristics of existing flap control
devices, analyzes the effects of the existing devices to the variable
camber flap configuration, propose new devices that show promise of lower-

ing the hinge moment characteristics of those now in use.

Descriptions of the criteria for hinge-moment characteristics along
with various types of aerodynamic balances are presented together with
assumptions made in the derivations and the limitations of the method as
applicable to the present configuration. Also, assessment is made as to

the feasibility for getting 1low hinge-moments of control surfaces.

Due to lack of test data for the present analysis, only quantitative
or rough qualitative evaluations of any of the effects were made. The
methods presented herein, therefore, are considered to be reasonable; but
not sufficiently reliable to enable a designer to arrive at a satisfactory
final flap configuration without some development work on a full/large-
scale wind-tunnel model or in flight. The mef s are useful, however,
for making preliminary design or for deciding the manner in which exist-
ing flaps should be modified in order to obtain desired changes in charac-

teristics.

4,1 Hinge Moment Characteristics - The hinge moment characteristics

of flaps have been found to be critically dependent on the flap contour
near the trailing edge. In general, any increase in trailing-edge angle

whether obtained by changing the basic airfoil section or by modifying the
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contour of a given airfoil section, may be expected to reduce the degree
of unbalance of the plain flap. The greatest balancing effect of a large
trailing-edge angles occurs at small angles of attack and at small flap
deflections; therefore the hinge-moment curves of flaps having large

trailing angles usually are characterized by a high degree of linearity.

The explanation for the balancing effect resulting from the change
of a large trailing-edge angle can be made on the basis of an effective
change in airfoil camber. As an approximation, the effective contour of
an airfoil in a viscous fluid of the contour is obtained by adding the
boundary-layer displacement thickness on each airfoil surface to the geo-
metrical coordinates of that surface. With positive angle of attack or
flap deflection, the boundary-layer displacement thickness 1increases
on the upper surface of the airfoil (where the pressure gradient become
more adverse) and the boundary-layer-displacement thickness decreases
on the lower surface of the airfoil (where the pressure gradient becomes
less adverse). This change in boundary-layer-displacement thickness
causes an unswept effective camber change which in turn, cause reductions
in the effective flap deflection and therefore, a lower hinge moment.
The changes 1in effective camber near the trailing edge are much more
influential on hinge-moments thaﬁ on 1ift, because the small AL at the
trailing edge act on a long momentum. The magnitudes of the camber
changes seems to depend to a large extent on the magnitude of the trail-
ing-edge angle, the greater changes occuring for the larger trailing-edge

angles. An open gap at the nose of the flap allows the boundary-layer
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air to flow from the high-pressure airfoil surface to the low-pressure
airfoil surface. The effective change in camber and consequently the
effect of the boundary layer on the hinge-moments, particularly for
flaps having larger trailing-edge angles, therefore are greater when

the gap is open than when the gap is closed.

4.2 Plain Flap Hinge Moment Coefficient - The expression for calcul-

ating the hinge-moment coefficient (Cp) in subsonic two-dimensional com-

pressible flow has already been deduced in Appendix A [also see Ref. 20)

3% ¢p =bg - bjap + by Cp -(Em;iﬂz)ﬁf
ai a1 ajl

where the quanties agp, a1, ap, by, bp, and b are defined as follows:

(4-1)

a = C ) L 61: = 0, al = _a_CL>

o] ( L a da (X.I = Gf = 0’

ag = (3C, bl:(igh).
(86f)a' = 8¢ = 0, 3o a' = 8 =0

b2=(aC ) and b =by 2 ap - ashbo= _<ach)
38 Cp =6¢=20
7"& ¢=b =0 a) £)CL = 8f

while C_ is the 1ift coefficient, &¢, is the flap deflection, measured
positiveiy for a downward movement of the flap and «', is the incidence

of the front part of the airfoil measured from the §f = 0 chord line.

4.3 Beveled Trailing Edge Balance - It was shown in Ref. 21 that

when a beveled trailing edge is added to a flap profile, the 1ift, pitch-
ing moment and hinge moment characteristics of the airfoil are markedly
changed from those of the unbeveled a flap of airfoil contour. The

slope of the 1ift curve Cy, and the 1ift effectiveness a8 are decreased.

The aerodynamic centers of the 1ift due to angle of attack and of the
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1ift due to flap deflection are both moved forward. The rate of change
of hinge-moment coefficient both with angle of attack Cp, and the flap
deflection Cphs are increased positively. At small flap deflections,
the bevel tends to have the same effect on hinge-moment as a balancing
tab (see section 4.4); but at large deflections its effect is more nearly
like that of a trim tab (see section 4.4). The effect of gap at the
flap nose is critical, the parameter Chg being much more positive at
small deflections with an open gap than with a sealed gap. This effect
generally causes the hinge-moment characteristics of a flap with beveled
trailing edge to be undesirably nonlinear unless the gap at the flap

nose is sealed.

A preliminary correlation of hinge-moment data for sealed flaps
with beveled trailing edges is given in reference 22. It was shown that
the trailing edge angle is of fundamental importance in determining the
hinge-moment slopes of beveled flaps. The result of correlating the
hinge-moment characteristics of 16 different flap arrangements indicated
that the effects of a beveled trailing-edge may be expressed by the fol-

Towing relations:

AChy = -00113 a9 € . (Cg/C)~1-0 (4-2)

s = -01184C, 5 (Cg/C)0-4 (4-3)

The parameters ACp, and AChgs are the increments in hinge-moment coeffi-
cient slopes caused by changing the trailing-edge angle of a flap by the

amount A¢ degrees. The slopes Cp, and Cy s are those for the rotor (wing)
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with an airfoil contour flap. Equations (4-2) and (4-3) were obtained
from the equations for the curves of (figure 150, Ref. 21), faired through
the experimentally determined points. The hinge-moment characteristics
of a beveled-trailing-edge flap can be predicted, by adding the incremen-
tal hinge moment due to bevel (see equation 4-2 and 4-3) to the hinge-

moment characteristics of a flap without a bevel.

The results of the calculations for determining the flap chord and
the trailing-edge angle required to obtain desired values of Cpo and
Chs are shown in (figure 4, Ref. 22). From the curve of (figure 4,
Ref. 22), it is evident that, if a flap is fitted with a bevel to reduce
Chgs to zero or to a small negative value, Cp, will have a large positive
value. For beveled flaps the adverse effect is not so great as would be
indicated by the value of Cphy at &f = 0°, because the effect of the
bevel on Cp4 tends to disappear at large values of §¢. As shown in (fig-
ure 2, Ref. 22), the effect of the bevel on Cps becomes greater and the
effect on Cpy becomes smaller as the flap 1is dincreased. Reference
22 indicated that, to reduce both Ch, and Chg to zero, it would
be necessary to use flap chords and trailing-edge angles outside the

range covered by the available data.

The data 1in Refs. 23 to 26 indicated that thickening and beveling
the control-surface trailing-edge reduce the slope of the airfoil Tift-
curve (C1,) and also the 1ift effectiveness ( a§) of the con-
trol surface. The maximum flap deflection generally can be sufficiently
increased to counteract the loss in control associated with the use of

bevels.
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4.4 Tabs - An analysis was made in Ref. 27 for the hinge-moment altering
effectiveness of the tab based on the available two-and three-dimensionals
tab data of references 21 and 28, with additional data from references
26 and 29 to 40. The results of the analysis indicated that the effects
of tabs on control-surface hinge-moments can be estimated from geometric
characteristics of the tab-flap-airfoil combination with a reasonabie

degree of accuracy.

In general, the tab effect on the control-surface hinge-moments is
reduced by increasing the airfoil trailing-edge angle and by any alter-
ation of the airfoil surface condition or of the airstream, such as mov-
ing the transition forward, roughening the surface, or increasing the
turbulence, that tends to increase the boundary-layer thickness near the

trailing edge.

No data were presented on the tab 1ift effectiveness, which deter-
mines the Tloss in control-surface 1ift effectiveness resulting from
balancing-tab action. The control surface 1ift effect can be evaluated
as indicated by the analysis in Ref. 41. The data used in the correla-
tion came from the following ranges of tab variables: tab-flap chord ratio
from 0.10 to 0.50, flap-airfoil chord ratio from 0.12 to 0.60 and trail-

ing edge angle from 7 to 31 degrees.

Sufficient data were available from which to draw quantitative con-
clusions concerning the effects of changing the size of the tab relative
to the flap-airfoil combination, the effect of the trailing-edge angle,
and the effect of control-surface overhang balance on the tab hinge-

moment effectiveness. Insufficient data were available to determine
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quantitatively the effect of the parameters that varied the tab hinge-
moment effectiveness by changing the boundary-layer thickness over the
tab., Sufficient data were available, however upon which to base quali-

tative conclusions concerning such effects.

Reference 42, also presented an analysis of a tab that is linked in
such a manner that the tab deflection is proportional to the flap deflec-
tion and this 1is commonly referred to as a linked tab. Such a tab is a
very convenient device in that it can be combinéd with any of the flap
balances (e.g. internal balance, overhang balance etc.) and also because
the balancing or unbalancing effect can be altered rapidly by changing

the ratio of tab deflection with flap deflection.

A unique characteristic of a linked tab is that a large change in
Chs can be produced without causing any appreciable change in Chq; a small
effect on Cphy introduced by the linkage usually may be neglected. Almost
any desired values of Cp, and Cpg can therefore be obtained by combining

the linked tab with one of the other balancing devices.

Since a balancing Tlinked tab deflects in a direction opposite to
that of the flap to which it is attached (see Figure 4.1), a reduction
occurs in the net 1ift resulting from flap deflection. An analysis of a
large amount of pressure-distribution data from Ref. 21 indicated that
the most efficient trailing-edge balancing tab is one having a chord
between 20 and 25 percent of the flap chord, because such a tab produces
the least change in 1ift for a given change in flap hinge moment. On
the other hand, a linked tab used to augment the 1ift of a flap (leading

or unbalancing tab) should produce the greatest change in 1ift for a
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(SOURCE: REF. 43)

Figure 4.1. - Cross Section of Flap and trailing-edge tab.

given change in flap hinge-moment. A tab of this type is most efficient
when the tab chord is equal to about 50 percent of the flap chord (see

Ref. 42).

It was shown in Refs. 44 and 42, that the effect of 1inked tabs on
the hinge-moment of flaps can be expressed as a function of the deflec-

tion ratio 988¢/88f and of four factors that are defined as follows:

2
Fre=by [ C (4-4)
* 8 ()
Fp = (C./C<)%7 + 0.51 ce/C (4-5)
4 t/Cf .51 C¢
Fg = 1.3 - 0.026¢ (4-6)
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Fg=1- 0. 85[(_,)) t/2 ] (4-7)

The factor F3 accounts for the effects of the span and the spanwise

location of the tab. The factor Fq accounts for the effects of the

tab chord and the flap chord. The factor Fg accounts for the effect
of the trailing-edge angle, and the factor Fg accounts for the effect
of the tab on the pressure difference across a flap overhang balance
(either exposed or internal). The inclusion of the factor Fg in the
tab corre]atiPn makes unnecessary an adjustment in the increment ACps

resulting from a flap overhang balance for the effect of the tab on the

pressure across the overhang balance.

The term in the factors F3, Fg, and Fg can be evaluated, from
charts given in (figure 40, Ref. 42), while the factor Fg can be eval-
uated, from the chart in (figure 25, Ref.42).

The correlation of the effect of Tinked tabs on the flap hinge-
moment parameter Chg is given in (figure 41, Ref. 42) and is based on
data from reference 27. The equation of the correlation curve is

ACps = 0.0222 F3F4F5F5(_ _agt) (4-8)
98¢

This equation may be used to estimate the incremental changes in Cpg
of a flap resulting from a given 1inked tab or to determine the configur-
ations of tabs that are capable of producing a given change in Cpg of

- a flap.

4,5 Allowable Tab Deflection - Experimental investigations conducted

in references 32, 45, 46 and 47 indicated that the tab effectiveness de-

creases with an increase in the flap deflection. They also indicated
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that there was reason to believe that a satisfactory maximum tab deflec-
tion exists between the angles of *20 degrees for moderate flap deflec-
tions. The results indicated that, for a constant tab chord, it was
better to use a large-span tab deflected to a small angle than a short-

span tab deflected to a large angle.

4.6 Overhang Balance - Reference 48 presented an analysis of data

for control surfaces having plain-overhang balance. The analysis was
limited to the effects of overhang, nose shapes, gap and Mach number.
Some empirical relations were derived that can be used for the predic-
tion of the characteristics of balanced control surfaces from geometric
constants (see also Ref., 44). Reference 48 considered the empirical
relations only applicable to the preliminary design of control surface

balances and to modifications of balances aiready in use.

The aerodynamic balancing effect of an overhang balance is consi-
dered to be a maximum when the contour of the balance conforms to the
contour of the airfoil for the entire length of the overhang. Rounding
or tapering the nose causes a reduction in the effect of the balance.
The effects of variations in the nose shape were found to depend on the
overhang length. Ref. 47, therefore, introduced a product of two factors
as a measure of the net balancing effect of plain-overhang balances. The
two factors are Fi, which is related to the Tength of the overhang, and Fj,
which is related to the sectional shape of the balance nose. Thus, Ref.

47 finds as a balance factor (see also Ref. 44):
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Ky = F1F'2 (4-9)

"l - (8)

and the expression for F'p is given in figure 4.2 for three general types
of nose shapes. cp, cf, and t indicate the root-mean square balance chord,
control surface chord, and airfoil section thickness at the hinge line re-
spectively. by ad by indicate the span of the plain overhang balance and
the span of the control surface. As may be seen from figure 4.2, the ex-
pression for F's is, in general, the product of an area-moment ratio and

a basic nose-shape factor that specifies the relative location of the point

Nose  Section shomng nose shope Nose-shape factor, F5
(% =0
= =3

type
o _
" ras)
r_créfb, /< G0 B3 2
° iw '~ V'(/,«zb/ff?

(SOURCE: REF, 42)

(Where C, and Eb are the root-mean square balance chord and root-mean

square contour balance chord over the span of the control surface re-
spectively.)

Figure 4.2. - Various nose shapes considered in correlation of

plain-overhang and corresponding expressions for
nose-shape factor
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of tangency of a circular-arc’ nose and the airfoil contour. The basic

nose-shape factor F5 is defined (see also Ref. 42) as:
l

1+(—:b1

Fo=1 - 1- (4.11)

_T_IE§E7C
where cp is the root-mean-square contour balance chord. With the con-
tour balgnce chord is meant the distance from the hinge line to the lead-
ing edge of the plain-overhang balance. It should be noted that for any
overhang having a nose formed by circular arcs (nose types 0, A and B of

figure 4.2)
Fip = Fy (4-12)

Graphical solutions of the expressions for the overhang factor Fy
(for overhangs having spans equal to the control-surface span) and the
basic nose shape factor Fo are presented in figure 4.3. The value of
F1 for balances which do not extend over the entire span of the control
surface is obtained by multiplying the value of F; obtained from figure
4,3 by the ratio of balance span to control-surface span. The use of
figure 4.3 should allow a rapid determination of Fy and Fp, provided the

geometric constants Cp, Cp , € and Cf are known.
1

An analysis in Reference 22 of data on control surfaces with beveled
trailing edges indicated that the effect of plan form of the wing could
be accounted for reasonably well by assuming that both the 1ift-curve
slope and the increment of hinge-moment slopes due to aerodynamic
balance are affected by plan form changes in the same manner. The same
assumption was made in Ref., 48 for the variation of hinge-moments with

control deflection.
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Figure 4.3. Charts for Determining Numerical Values of
Overhang Factor F, and of Mone-Shape Factor

F; from Geometric Constants of Baianced Flap

Ref, 48 uses (figure 2, Ref 48) to determine the effects of over-
hang balances on the variation of hinge-moment coefficient with control
deflection., Figure 2 (Ref. 48) present curves of ACL3/Cy1a or AChg/Ciig
plotted against the balance factor Kj. The parameter Cy1, is the average
value of the 1lift-curve slope over the span of the control surface and

will be generally somewhat different for the lift-curve slope of the
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entire rotor (see Ref. 48). A method for estimating the value of Cyiq
for flaps of wings ‘of various plan forms is given in Ref. 22. Figure 2,
reference 48 indicated that the variation of the parameter AChg/C114

with K3 for finite span flaps was the same as the variation of ACps/Cliq
with K; for two-dimensional flaps. The following equations were given in

Ref. 44 for the hinge-moment parameter increments:

KChe = 0.017 _AR  Fp (4-13)
@ AR + 2
AChg = 0.10 _ AR FiF'p (4-14)

The data used in the correlation of AChg were obtained from two-dimen-

sional flap models.

Charts for estimating the required length of balances having several
representative nose shapes (see figure 4.2) are presented in (figure 27
Ref. 44). For a given design problem, the value of the product FiF'p cor-
responding to the required value of ACpg must first be obtained from the
correlation presented in (figure 26, Ref. 44). The value of Tp/C¢ required
for this value of F1F'> may be estimated from (figure 27, Ref 44) for any
of the nose shapes considered. The charts given in (figure 27, Ref. 44)
were derived for flaps on airfoils having the thickness distribution de-
fined in reference 49. The charts may be used, however, to obtain first
approximations to the required overhangs for flaps on airfoils having
other thickness distributions (see Ref. 44). For such airfoils, more
accurate values for the required overhangs can be obtained by calculating
the value of the product FiF's corresponding to the first approximation

value of Cp/C¢ from the expressions given in Figure 5.2 for F'py and the
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charts of Figure 4.3 for Fy and Fp. However, if the calculated value is
obtained from (figure 2, Ref. 48), a new value of EB/E} must be assumed
and the process repeated until satisfactory agreement is reached between

the required and the calculated values of FiF's.

The l1ift-effectiveness parameter Ao/AS is changed somewﬁat by an
overhang balance and the magnitude of the change is dependent on the gap
at the balance nose. A correlation of these effects is given in Reference
21, 44, and 48; and the faired curves of that correlation are reproduced
in (fig. 29, ref. 44). The value of Ao/AS increases as the balance (de-
fined by the product FiF}) is increased and the rate of increase is
greater for the larger gaps. For the sealed-gap condition, the increase
in Ao/AS with increased flap balance results from an increase in Cjyg;
whereas, for highly balanced flaps, the increase in Aa/ AS§ with increased
gap size is caused primarily by a decrease in C;, (see refs. 21 and
44). The Aa/AS values given in (fiqure 29, ref. 44) are applicable only
to small deflections, and because of the reduction with increased balance
of critical deflection (8cp), the maximum 1ift increment of a
highly balanced flap usually is considerably less than the maximum 1ift
increment of the corresponding plain flap. The critical flap deflection
(6cp) is defined as that deflection at which plain-overhang balance is

no longer effective in reducing the slope of the hinge-moment curve.

The fact that &;, varies approximately as F'p (|Fq1, whereas ACpg
varies as F4Fy, indicates that for the same degree of a balance a

larger increment of 1ift probably can be obtained from a flap having a

37



long overhang and a moderate nose shape type B (fig. 4.2) than from a flap
having a short overhang and a blunt nose shape similar to type A (see fig.

4.2).

A factor that is probably quite closely related to &§;, is the magni-
tude of the peak pressures over the balance nose. If ACps is assumed
to remain the same, a short blunt-nose balance produces higher peak pres-
sures than a long balance with a moderate nose shape. The high peak
pressure associated with the very blunt nose shape increases the possi-
bility that the control surface may become overbalanced at high Mach
numbers and probably increase the rate at which Mach number reduces the
value of §... The peak pressures increase the possibility that super-
critical local velocities will be reached over the nose of the balance.
With regard to the rotor the long overhangs will permit static balance
to be obtained by the addition of a minimum of otherwise nonuseful weight.
Control surfaces with bluntnose overhangs (types A and B), figure 4.2
have already shown some tendency toward increased balance at high deflec-

tions (see refs. 50 and 51).

As pointed out earlier in the section, the parameter ACp, is relatively
independent of nose shape for sealed balances and appears to depend prin-
cipally on the balance chord. The choice of the best combination of
nose shape and overhang for a given AChg may therefore be influenced
by the value of ACp, obtained; and the degree of influence may depend

on the specific application.

The choice of an open or sealed gap for use with the overhang will

be influenced by the fact that the nose shape has more effect on Cha
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with the gap open than with the gap sealed. For balances having values
of K1 (balance factor) greater than about 0.05, the use of an open gap
generally increase the lift-effectiveness parameter of the control sur-
face (see refs. 50 and 51). Part of the gain in the lift-effectiveness
parameter of the control surface, however, is obtained at the.expense

of a Toss in Cyge

For the variable camber flap arrangements, the se]eétion of over-
hang and nose shape may be made principally from a consideration of the
value of Chg required; but the adjustment of the nose shape or overhang
of flaps to obtain a desired value of C,, is not recommended. A nose
shape similar to type B (see figure 4.2) seems the most pramising of those
tested: therefore, for the present analysis, it should only be necessary
to determine the overhang for a nose shape of type B (fig. 4.2) required
to give a value of Chg already decided upon. The value of Cpg actually
obtained may be adjusted Tater within a limited range, by making minor
modifications to the nose shape, without, changing the length of the
overhang {see ref. 44)., The effect of nose shape on the peak pressures,

the critical deflection, however, must be given consideration.

The hinge-moment parameters Cpg and Ch, are of almost equal impor-
tance for control surfaces, and the selection of the overhang and nose
shape therefore depends on obtaining desirable values for each of these
parameters. As it has already been pointed out, the nose shape has
Tittle effect on Cp, provided the gap is sealed. The overhang may

consequently be selected to obtain the desired value of Cp,; and the nose
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shape may then be selected to obtain the desired value of Cpg, due con-
sideration being taken of the effect of nose shape on the peak pressure,
on the critical deflection; and on the variation of Chg with deflection.
If the desired value of Cpgs cannot be obtained by selection of only
the nose shape, some adjustment of the overhang may be necessary, and

compromise values of Cpg and Cp, will thereby be obtained.

4,7 Sealed Internal Balance - An internal balance is a feasible and

an aerodynamically desirable means of controlling the magnitude and the
direction of the rate of change of flap hinge moment with angle of attack
and with the flap deflection. Because the internal balance is entirely
concealed within the airfoil contour, the lift, the drag, and the pitch-
ing-moment characteristics of the control surface are in no way affected
by the presence of the balancing surface. Thus, the internal balance
can then be referred to as a mechanism by which the pressure difference
between two points on the airfoil is used to act upon a flat plate or
similar devices entirely enclosed with the airfoil profile and thus to

work in deflecting the control surface.

Several types of internal balances were discussed in ref., 52. It
was shown that the most commonly used, although not necessarily the most
aerodynamically desirable type of internal balance is that with a balanc-
ing plate rigidly attached to the flap and with the vents located near the

hinge axis.

It was shown in ref. 21, that the increments of hinge-moment coef-

ficient slope caused by a sealed internal balance vented near the hinge
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may be expressed by the equation for the faired correlation data (also

see ref. 53) as:

Ay, + .0237[ (%’:f)z -\u%f 2 ]cf/z (4-15)
ps = 0-359[@ )2 -(E_é%)] \%f)h“ (4-16)

where ¢y is the chord of the balancing surface, c¢ is the chord of the
flap measured at any airfoil section from hinge axis to trailing edge of
the airfoil, c is the chord of the airfoil section; and t is the thickness
of the control surface at hinge. These correlations are believed to be

most reliable when the following conditions (also see ref. 21) apply:

(1) The balance plates are attached rigidly to the noses of the
flaps and the vents are as close to the hinge 1line as prac-
ticable.

(2) There is no leakage across the seal.

{3) The cover plates are of airfoil contour.

Small variations 1in any of these conditions may cause large changes in

the effect of an internal balance.

Refs. 44 and 54, also discussed sealed internal balances. They in-
dicated that the chordwise pressure distributions of a rotor (wing) with
a plain sealed flap are unaffected by the addition of a sealed internal

balance.

Sealed internal balances for use with flaps (see ref. 44) usually
consist of a plate (attached rigidly to the flap nose) in a chamber that
is vented to the airstream in such a manner that a pressure difference

across the plate is created principally by flap deflection and to a lesser
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degree by changes 1in the angle of attack because this 1is where it ex-
perience the greatest pressure differential in the vicinity of the flap.

A flexible seal connects the nose of the balance plate to the forward

wall of the balance chamber.

For a sealed internal balance, the balancing force can normally be
obtained from the pressure differences between two chambers in which the
air is essentially static. The balancing moment can then be derived from

the geometry of the system provided the pressure difference is known.

For the variable camber rotor flap arrangements, the configuration
consist mainly of overhang balance (balancing surface), sealed to the
forward structure by a flexible material, capable of sustaining only

tensile stresses (see figure 4.4).

Cover plate

Flexible seal
Orerhang

SOURCE: REF.55

Backplate

+’//‘-//'r;_g@ axis

Figure 4.4 Schematic diagram of a typical internal-balance
arrangement for the Variable Camber flap on a

rotor.
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The moment resulting from the type of balance shown in figure 4.4

can be determined by the following methods:

(1) The method of resolution of forces consists of finding the
forces exerted by each part of balance system as a result of
a pressure difference across these parts. The moments of these
forces about the control-surface hinge are then added to get

the total moment of the balance system.:

(2) The method of volume displacement consists of finding the rate
of change of volume swept by the balance with deflection. The

moment of the balance is:

Mg = (dv, Ap (4-17)
(g%
where Ap is the pressure difference across the balance.

An internal balance with seal and vertical-line backplate is shown

in figure 4.5. The moments of such balance can be written as the sum of

SOURCE: REF. 54 Backplate

)4

Ange axis

%

,a"q P rdo ‘-f&xz) X

(Seal 1ying against the overhang)

Figure 4.5 - Internal balance with Seal and vertical-line backplate
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the moment resulting from the overhang and that resulting from the seal;
therefore: 2 2
Mg = %[cb - (t/2) ]+ M (4-18)
where ¢ is the overhang chord; t is the thickness of overhang at hinge
axis; and My 1is the seal-moment or incremental hinge-moment resulting
from seal of unit span (two-dimensional). The moment exerted by a seal
can be expressed in terms of the seal-moment ratio (mg) as:
Mg = AP[Cbz -(t/2)2]+ P cZmg
ra 2 (4-19)
or, the increment of hinge-moment coefficient caused by the balance can
be related to the pressure coefficient across the balance or resultant
pressure coefficient (PR) and to the geometry of the system by the follow-

ing equation for a unit span (two-dimensional) (also see ref. 55) as

2 15N 2
} (1+mg) (%3’] (4-20)

where cp is the root-mean square chord of the balance plate and mg is

8, = 172 PR[(

A

the ratio of the moment contributed by the balance plate, t is the root-

mean square section thickness at the flap hinge line.

To obtain numerical values for ACh, an investigation was made as to
the variation of the seal-moment ratio (mg) with two important balance
dimensions-the width of the gap to be sealed and the developed width of
the seal. Values of mg were determined analytically in ref. 54; and

checked experimentally in ref. 55 for several typical balance arrangements.
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The characteristics of a flap having almost any arrangements of the
balance plate and of the flexible seal can be calculated from the charac-
teristics measured for one particular balance configuration provided the

pressure difference between the two chambers are known.

For the arrangement represented in this analysis, the balanced sur-
face is attached rigidly to the flap in such a manner that its angular
or linear travel 1is directly proportional to the flap deflection; the
vents are so located that the balanced-actuating pressure varies with
flap deflection and with angle of attack in approximately the same manner
as does the hinge-moment of the unbalanced flap. If the pressure coeffi-
cient across balance (Pp) which was obtained from the pressure distribu-
tion of the VR-7 airfoil modified with a 0.50c trailing edge flap and
the balance plate deflection (§,) are of the same algebraic sign, values
of mg should be taken from (figs. 14 to 21, ref. 55), but on the other
hand, if Pp and &, are of opposite signs, values of mg should be taken
at negative values of &, (figs., 14 to 21, ref. 55). Also see figure

5.6 for sign conventions for overhang deflection.

Hinge moments of internally balanced control surface normally become
large at large deflections as a result of a decrease in 9Pp/38 with de-
flection. In order to offset somewhat the effect of a decrease in 3PR/36
with deflection and to give the most nearly linear control-surface hinge
moments , amg/a3d, should have a positive value. (A positive value of
ang /98y that increased with deflection would even be more desireable but
generally cannot be obtained). The positive value of 3mg/3s, may be

considered favorable inasmuch as linear or nearly linear control-surface
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Figure 4.6. Sign Conventions for Overhang deflection

hinge moments, although not altogether necessary, are generally desireable

(see ref.54).

4.8 Flexible Seals - The flexible seals analyzed in refs.54 and55

were assumed to be nonporous, inextensible, perfectly flexible, and

weightless. These assumptions imply that the unrestrained part of the
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seal forms an arc of a circle and has a tensile force per unit span, of
T = Apr acting everywhere tangent to the arc (see fig. 4.5). The moments
resulting from these seal arise either from the tensile stress in the
seal or from the seal 1lying along and equalizing the pressure over part

of the overhang (see ref. 54).

If the resolution-of-forces method (see section 4.7) is applied to
the seal shown in figqure 4.5, the lever arm of the tensile force in the
seal is zero. The reduction in effective overhang chord caused by such
seals is equal to the amount of overhang covered by the seal; this amount

can be determined as follows (also see ref, 54),

S = d 270° + Spl+ (d + xo tan &p)
tan 90° - §, 57.3
2 (4-21)

+ (d + cp + x2 sec §p)

where the first term in equation (4-21) represents the width of the seal
in a free arc; the second term the width of seal lying along the backplate;
and the third term, the width of seal lying along the overhang. In order
to find the amount of overhang covered by the seal, the distance (d) must
be known. This quantity can most conveniently be found if d is plotted
against the seal width s for various overhang deflections (see ref. 54).

Appropriate values can then be read from the curves.

The seal-moment characteristics over the deflection range for various
sizes of fabric seal and sealed nose gap, with and without overhead limit
were investigated in ref. 55. The effect of changes in gap width can be

seen best by reference to (figure 10, ref. 54 and figure 15, ref. 55)
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respectively, where it 1is evident that an increase in gap width for a
seal of constant width increases the seal moment at small positive defiec-
tion and decreases the seal moment at large positive deflections; the
effect is therefore, a change in amg/38, in the negative unfavorable
condition. If the most nearly linear control-surface hinge-moment charac-
teristics over the entire deflection range are desired, small gaps of the
order of g < 0.1 should be used (preferably g = 0.005). In terms of con-
trol-surface hinge-moments, increasing the gap width tends to result in
high control-surface hinge moments at large control-surface deflections

and low or overbalanced moments at small control-surface deflection.

The effect on the seal moment characteristics of varying the seal
width, with other variables kept constant, is evident in (figures 14 to
19, ref. 55). The curves indicated that mg which depends on seal width,
for a given sealed-gap width decreases at small positive deflections and
increases at large positive deflections as the seal width increases. The
curves also indicated that, for a given sealed-gap width, as the seal width
increases, the maximum value of mg generally increases; and occurs at an
overhang deflection that increases the seal width. It appeared, therefore,
that an optimum balance configuration would employ a seal width such that
the seal would barely touch the chamber ceiling when maximum deflection

is  attained (see figs. 5 and 8, ref. 55).

4,9 0ff-Center Seal Attachment - A comparison of seal-moment charac-

teristics obtained with various types of seal attachments was made in

ref. 55. The result showed that the seal-moment characteristics obtained
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with the off-center attachment were generally unfavorable over the deflec-
tion range because a decreasing balancing tendency or an increasing un-
balancing tendency 1is indicated, regardless of the point of attachment.
It was shown that when attached above center, the seal invariably 1lay
against the backplate and there was an overhead restriction at positive
deflections (see figures 7 and 12, ref. 55); while, when attached below
the center, the seal had a moment vector that tend to decrease positively,
and then increase negatively with overhang deflection (see figs. 6 and 13,
ref. 55). The effects account for the unbalancing characteristics of this

types of seal attachment.

The effect of attaching the seal off-center to a backplate, when the
seal did not contact the balance-chamber ceiling was to shift the seal-
moment curve by an angle the sine of which was equal to the off-center
displacement (expressed as a fraction of the overhang). The curve of

(fig. 25, ref. 55) approximately verify this conclusion.

Since an off-center seal attachment produces an unbalancing effect
on the overhang caused by flap deflection or the increase in the angle of
attack, this type of seal attachment is believed by the author to be un-

desirable and should be avoided.

4,10 Effect of Vent location on Pp, and Prg - An indication of

the probable effects of changes in the chordwise location of the balance-
chamber vents (determined from data in refs. 21 and 53) is given in (fig.
36, ref. 42). It was noticed, that moving the vents forward of the hinge
line causes PRy = (%%R) to increase and Ppg = (EER to decrease.

3dfa
For the type of internal balance, considered in the correlations, the

49



variation of the resultant pressure across the balance plate with deflec-
tion was about two-thirds the variation of the peak resultant pressure
at the hinge with deflection. Also it has already been indicated in sec-
tion 4.7, that the vents are to be close to the hinge 1ine as practicable;
but contour changes caused by aerodynamic forces may be of sufficient
magnitude to produce objectionable stick-force characteristics for flaps
that otherwise would be satisfactory. The type and extent of covering
distortion depends on the external pressure distribution over the surface
of the flap, on the pressure inside the flap, on the initial tension of
the covering material, on the modulus of elasticity of the covering ma-
terial, and on the method of attachment of the covering material. Also
different vent locations may cause positive, negative or static internal

pressures.

(1) Positive internal pressures causes both surfaces of the flap to
bulge. Bulging of the forward part of the flap seems to have
1ittle effect on the hinge-moment parameters, but the increase
in trailing edge angle causes these parameters to become less
negative. The stick forces, therefore, are decreased and may
become overbalanced if the undistorted flap is designed to give
stick forces within the required limits. Also large positive
internal pressures can result in complete failure of fabric-
covered flaps and in the failure of rivets used to attach the
metal skin to the flap ribs. Loads of this type can be con-
trolled to some extent by careful selection of the vent loca-

tions, but the possibility of high skin stresses resulting
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(2)

(3)

from inadvertent variation in the vent locations should not be

overlooked (see ref. 42).

Negative internal pressures causes both flap surfaces to be
drawn in with the result that the trailing edge-angle is de-
creased. The parameters Cp, and Cpg therefore become more
negative and the stick forces may increase to such an extent
that the pilot's ability to control the helicopter may be

seriously restricted at high speeds.

For internal pressures near static pressure, the external-
pressure differential can cause both surfaces to bow in the

same direction.

4.11 Effect of Cover-plate Misalignment on Chy and Chg - The char-

acteristics of an internally balanced flaps have been found to be very

sensitive to the alignment of the cover plates just forward of the

vents.

The effects of misalignment as determined in a few tests, are

shown in (figure 37, ref. 42) and the data are presented in ref. 18.

When small flap deflections and small changes in angle of attack are

considered, bending the cover plates slightly out had been shown to

decrease the effect of the balance on Cp, and increases the effect of

the balance on Cpg. While bending the cover plates out had been shown

to decrease the deflection range for which the balance has an effect on

the hinge-moment slopes, probably because of earlier separation of the

flow.
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4.12 Influence of Gap at Flap Nose - Though it is known that the

existence of a gap at the f]ép nose has an effect on the hinge-moment:
parameters; and though many publications studied the influence of such a
gap, no analytical method was found to take the influence of a gap into
account. Reason for this is probably the fact that the influence of the
gap is dependent upon size and location of the gap as well as on the nose
shape of the control surface (blunt, medium or sharp). Reference 56 pre-
sents the following empirical method to estimate the influence of some

of the variables on the 1ift-curve slope C|,.

The wing 1ift-curve slope Cy, was given in Ref. 56 by the following

relation:
CLo =_AR C1g
AREg + 57.3 Cqq (4-22)
m

where Eg is the effective edge velocity correction factor {see ref.57);
and the value of Cy, for a given section is expressed empirically as

follows:

(C1a)gap open (Cla) sealed

CLa = CLq o (4-23)

YCla) gap sealed (ClaJ faired

where C]ao can be read from (fig. 42, ref. 56) which shows the effect

of airfoil thickness and trailing-edge angle on section 1ift-curve slope.
Figure 43 (see ref.56) shows the plots of {(Cy,) gap open }/{(C]a) gap sealed}
against break location for various gap sizes. The break location indi-

cates the position of the gap along the chord. The curves in (fig. 43,

ref. 56) show that {(C14) gap open } /{(C1a) gap sealed}decreases as the

gap is moved toward the leading edge of the airfoil until it reaches a
position of about 0.50c. The gap sizes ranges from 0.00lc to 0.010c and

the data indicate a decrease in {(C]G) gap open }/{(C]a) gap Sea]ed}

as the gap size increase.
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Figure 44 (see Reference 56) presents the plots of{(C]a) sealed }/
{(C]a)}faired against break location giving the effect of the break
in the airfoil contour on §(C14) sealed }/{(C1a) faired } . Comparison
of measured values of the 1ift-curve slope with calculated values using

the above method is shown in Ref. 56.

Generally, the plain flap gives a greater 1ift effectiveness with
smaller hinge-moments with the flap gap sealed than with it unsealed. The
negative slope of Cp, and Cpg decreases with sealing the gap at the

nose of the flap.

For flaps having overhang balance and aerodynamic balance, the fol-
lowing effects of the gap can be noticed. Unsealing the gap generally
causes an increase in lift-effectiveness a8 for flaps with blunt and
medium nose overhangs and a decrease in a8 for plain flaps and flaps with
elliptical nosed overhang. Unsealing the gap at the flap nose makes Cp,
and Cps less negative. Changing the nose shape from blunt to ellip-
tical makes Chy more negative for the sealed gap and less negative

for the unsealed gap.

It has already been mentioned in section 4.7, that the presence of a
gap i.e. the existence of a leakage, causes large unpredictable effect in
case of an internal balance. Also the effect of a gap at the nose of a
tab may be very large, although the available data on this effect are too
inconsistent to permit any reliable correlation. For some flaps, such a
gap has resulted in a reduction of the tab balancing effect by as much as
50 percent. In any design the tab should be sealed or at least made as

small as possible (see section 4.4).
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From the above discussion, the difficulty in predicting the influ-
ence of a gap at the flap nose on the hinge-moment parameters become

clear.

4,13 Application of Equations and Design Charts - The procedure to be

followed in the preliminary design of flaps for the Variable Camber Rotor
depends to a large extent on other aspects of the rotor design. In the
present analysis an investigation is made of the chordwise parts of the
rotor that must be allocated to the flaps plus balance in order that spec-
ified stick forces may be obtained. The flap configuration chosen in this
design consists of a sealed internally balanced flap. Some of the equa-
tions and charts, which already have been presented in earlier sections,
are used in arriving at the flap arrangements that would be expected to

meet certain required conditions.

In order to show how the characteristics of a sealed internally
balanced flap can be obtained from those of the sealed unbalanced flap
(plain flap) and to indicate the magnitude of some of the effects about
which analysis have been drawn, the effect of the balanced configuration
on the hinge-moment characteristics for the section shown in fig. 4.4 has
been determined. The characteristics of the unbalanced flap section are
shown in figure 4.7. From equation (4-20) the incremental hinge-moment
coefficient were computed for four balances having vertical-line back-
plate. The values of the pressure coefficient across the balance Py for
use in equation (4-20) were obtained from the calculated value for the
VR-7 airfoil (see chapter 3). The vertical tline clearance (L1) (see

figure 4.5) required for seal to develop moments for the variable camber

54



0 —
=
=)
o
=
u
Q
L
|50
(13} .
o .-.1
&)
}—
et
w
=
o
=
L
©
2
= -2
z
Q
—
(&
)
wI
c
3
w _3} < PLAINSEAL FLAP (UNBALANCED)
O ——C€, =0.005
O —Cp=0.20 SEALED INTERNALLY
A ——Cp=0.30 { BALANCED FLAP
O —Cp =040
_a 1 ' 1 3 ' B
"o 4 g 12 16 20 24
FLAP DEFLECTION, &4, deg
Figure 5.7. - Hinge-moment characteristics of a flap on the

VR-7 airfoil having fcur balance configuration
With tne same vertical-line backplate. 4« = Q°

55



flap arrangement was obtained from (fig. 14, ref. 54) as L; = 0.34 for
a deflection range of 0 to *20 degrees, ample space is provided for the
seal to develop the moments indicated in (fig. 10, ref. 54). The width
of the seal(s) used in this analysis was obtained from (fig. 14, ref. 54),
and was believed to be approximately 0.4 ft. In ref. 54, it was shown that
if the most nearly 1linear control-surface hinge-moment characteristics
over the entire deflection range is desired, small gaps of the order of
g < 0.1 should be used. In light of the numerous literature surveyed, it
is recommended that the gap size to be considered for this present ana-
lysis should be 0.005 ft (0.6 in). Values of mg for computing the exact
balancing moment over the deflection range for a seal width(s) of 0.4
and a sealed gap width of 0.005 were interpolated from the data in (figure

10, ref. 54 and figs. 14 and 15, ref. 55) respectively.

The hinge-moment parameters of the balance flap were obtained by
considering the plain flap and the effect of the balance separately as
follows (see also refs. 44 and 55):

(4-24)

(Ch)balanced = (Ch)plain + (&Ch)balance
flap flap

Table 4-1 shows a sample of the computations required for obtaining hinge-

moments of the balanced flap from this equation.

4.14 Assessment of Feasibility for Getting Low Hinge-Moment - The

estimation of control-surface hinge-moments is one of the most important
and one of the most difficult problems confronting the aerodynamicist.

This is due to the fact that these moments create the forces which the
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pilot must overcome at his cockpit controls and which give him a sense of

"feel" of the helicopter/airplane (see ref, 58).

Prédiction of the control forces required of the pilot for maneuver-
ing the helicopter within its aerodynamic and structural limitations for
the variable camber configuration will be based on an estimate of these
parameters, and the success of the concept depends largely on how accu-

rately this estimate is made.

The many variables encountered in the aerodynamic design of a flapped
1ifting surface make it difficult to obtain a generalized solution. Thus
the theoretical results presented in this analysis may be limited to (1)
the range wherein the variation of hinge-moment coefficient with angle-of-
attack and with flap deflection is linear; (2) flaps having internally

sealed radius noses; (3) low subsonic speed.

In sections 4.1 to 4.13, several methods of predicting the hinge-
moment parameters of various types of control surfaces were discussed.
The correlations that have been presented may be used to illustrate the
relative effects of the various balancing devices on the hinge moment
parameters of Cp, and Cps. The variation in these parameters
that might be expected to accompany the addition of each of the balances
for a 0.50c plain flap on an H-34 standard four-bladed, fully articulated
helicopter rotor are shown in table 4-1. By means of methods which have
already been described, the values of Cn, and Cpg of the true-con-
tour plain flap were estimated. The incremental AChs required for a

given reduction in stick force is largest for balances that produce the
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Table 4 -1

COMPUTATION OF HINGE MOMENT COEFFICIENTS OF BALANCED FLAP
FROM THOSE OF UNBALANCE OR PLAIN FLAP: o =0° and C, = 0.30

Flap Resultant Balance | Seal |1/2 (Cg/Cf)z 1- (P/Z 2 Incremental (Ch)p]ain (Ch)
Deflection| Pressure Plate |Moment .1 C¢ |hinge-moment balance
8f coefficient |Deflection|Ratio X 9777 coefficient flap :
(deg.) PR 8p mg (2) + caused by or
(4) balance unbalance| (7) + (8)
ACh
(5) x (6)
0 0 .5080 1.4857
-.104 -.0187 -.0278 -.0218 -.0496
2 .0431 2 .4990 .0078 1.4677 .0114 -.01194 -.00054
5 .204 5 .4625 1.4402
.0367 .0529 -.0888 -.0359
10 .449 10 . 3800 .081 1.3577 .1099 -.1457 -.0358
15 .638 15 .1850 .115 1.1627 .1337 -.1949 -.0612
20 .752 20 -.315 .135 0.6627 . 0895 -.2527 -.1632




greatest changes in Cp, for a given change in Chg. In the order

of increasing effects on Chy for a given effect on Chg, the various
balances may in general be listed as follows: balancing tab, sealed in-
ternal balance, plain-overhang balance, and balance obtained by increas-~

ing the trailing-edge angle.

It was found that all the devices discussed will give lower level
hinge-moment than that experienced by the plain flaps. Adequate compar-
isons between the different devices themselves to establish the superi-
ority of one system over another was not made in any of the reviewed
reports. It was not possible to make this comparisons here due to the

many differences in test conditions within the literature surveyed.

The wide variation in the forms of aerodynamic balances employed is
indicative of the lack of any completely satisfactory method of balance.
The reduction in control force provided by the balance is usually accom-
panied by one or more disadvantages, such as insufficient balance or over-
balance for some flight conditions, reduction in control effectiveness,
loss of "feel" in the control, etc. Other considerations which may impose
limitations is the most desirable length of overhang to be used for aero-
dynamic balance; since a long overhang will require a large part of the
fixed structure (forward section) of the rotor to be cut away to allow

for free movement of the balance.

It is frequently found that full balance cannot be obtained in a
satisfactory manner by the use of a single device; for example, a large
degree of balance with the inset-hinge type of control surface requires

such a long overhang that the permissible deflection of the flap is
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limited. It is helpful, therefore, to have available several indepen-

dent means of reducing hinge-moments.

To be able to state that one system is the best in reducing hinge-

moment , the following should be done:

(1) The qualities wanted must be stated. These qualities will be
specifications of hinge-moment level wanted or desired.

(2) Enough tests must be run using different systems and devices to
determine the performance level of each. A comparison between
each devices or system can then be made,

The combinations of two or possibly three types of balance may be desir-
able to obtain specified values of the flap hinge-moment parameters or
to avoid the difficulties that are encountered aimost dnvariably when a
large amount of one type of balance is used. A system, using a spring-
tab with an aerodynamic balance has been known to reduce hinge moment to
any desired Jevel up to deflections at which the tab has lost effective-
ness. An alternative arrangement may be to use a narrow chord flap with
a sealed trailing edge in combination with sealed internal balance vented
at the hinge line. The bevel will cause a 1large reduction in Chy
and small reduction in Cphss Whereas the sealed internal ba]ance vented
at the hinge line will cause a large reduction in Cpg and a small re-
duction in Chy. MWith such a combination, the hinge-moment parameters
probably could be adjusted to any desired value. Also the beveled trail-
ing edge should be useful in combination with other types of balances,

because it involves no additional linkages (see ref. 59).
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In view of the various aerodynamics techniques to minimiée hinge-
moments level discussed, it is the author's feeling that a system incor-
porating a sealed, internally balanced flap with a tab offers the greatest
possibility in reducing hinge-moment. But the final selection of an
aerodynamic-balance for the variable camber rotor flap arrangements must

be a compromise depending on the relative importance of the various

factors to be considered.

From the foregoing discussions, it may be concluded by saying, that

for the present analysis, a sealed 1internal balance 1is recommended.
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CHAPTER 5

HOVERING ROTOR PERFORMANCE

The hover performance characteristics of a rotor blade equipped
with a trailing-edge flap was obtained by utilizing a prescribed wake
hover computer program, call PWAKE (see ref. 60). The PWAKE ds based
on the application of 1lifting line theory to the calculation of rotor
hover performance, with a prescribed wake representation derived from
experimental flow visualization studies of model rotor wakes. The PWAKE
program was run first with the flapped rotor blade at values of Ct1/c of
.06, .078 and .09, a range which covers most of the hover regime of
helicopters, and then again with a rotor with the unflapped airfoil; in

this way, a direct evaluation of the effect of flaps are made.

The section aerodynamic characteristics required are the static
1ift and drag coefficients as a function of angle of attack and Mach

number: Cp (a, M) and Cd (,M).

The program input was arranged such that the model rotor blade
was configured as follows: the inboard portion (at .01 of radius) is
the VR-7 with 2 degrees flap deflection extending to 90% of radius.
From this point to the tip, the unflapped VR-8 section was used. Both
the flapped and the unflapped rotor blades had a linear geometeric

twist.
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Figure 5.1, illustrates the rotor blade section aerodynamic angles
relative to each other and to the rotor disk plane. The angle ¢ is the

inflow angle of attack and contains the induced vleocity v. The blade

ROTOR
DISK
PLANE

Figure 5.1. - Rotor Blade Section Aerodynamic

pitch angle 8 is measured from the chordline of the airfoil section to
the plane of the rotor disk. The two-dimensional blade angle of attack,
o is therefore seen to be the difference between the blade pitch and

inflow angles, while &§f is the flap deflection.

The principal overall result is shown in Figure 5.2, a plot of
power coefficient for various thrust conditions. This plot shows
clearly a saving in power consumption for the flapped rotor as compared
with the unflapped case. This result is clearly reflected in Figure
5.3, in which the area under each of the curves represents the induced

torque for that case; it is apparent that induced torque is lower with
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the flap deflected rather than with it retracted. The profile power

distribution is displayed in Figure 5.4.

The total power breakdown is as follows for the case of Ct/o =

.078:
Profile Induced Total
Power (HP) Power(HP Power (HP)
Unflapped Rotor 219 893 1112
Flapped Rotor 211 _872 1083
AP Due to Flaps -8 =21 -29

Thus, there is an improvement of 21 hp in induced power and a reduction
of 8 hp in profile power, giving a total improvement of 29 hp or 2.6%

over the unflapped case.

Figures 5.5 and 5.6 show further details of this effect. In Figure
5.5, it is seen that the flap deflection changes the magnitude of the
inflow velocity and redistribute it over the radius. This can be
inferred from figure 5.5 by the integral:

.735 .95 .93 .99
vrdr/R + vrdr/R= vrdr/R + vrdr/R

.222 .93 .735 .95

which relate to the power distribution and also by SC] sin Q dr/r
which relates to the induced power. Also in Figure 5.6 1ies the reason
why the profile drag near the tip is actually less in the flapped case

than in the unflapped case. In the flapped case, the 1ift coefficient
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distribution near the tip is lower than in the unflapped configuration.
Since the profile drag increment due to compressibility effects near
the tip is a strong function of 1ift coefficient, the lower tip loading
of the flapped rotor leads to a reduction in profile drag in this re-

gion relative to the unflapped rotor.
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ROTOR POWER COEFFICIENT, Cp/a

.0a7

.006 ¢ &
.005 L
.004 p = .002378
Twist = -8
Collective pitch = 6.56°
Coning angle = 4.447°
003 L Blade flapping hinge offset = .036
. (Sf:zo
QR = 700 fps
b =4
.002 |
<> UNFLAPPED
O FLAPPED
.001 L
,\/\ s 1 3 1 )
.06 .07 .08 .09 .10
ROTOR THRUST COEFFICIENT, Cy/o
Figure 5.2. ~ Numerical analysis of rotor power coefficient

versus rotor thrust coefficient.
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Figure 5.3. - Numerical analysis of induced torque loading
versus blade radial station.
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Figure 5.4. - Numerical analysis of profile drag loading
vs. blade radial station.
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INDUCED VELOCITY (v), FT/SEC
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Figure 5.5. - Numerical analysis of the induced velocity
versus blade radial station.
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CHAPTER 6
PHYSICAL CONCEPTS OF BLADE MOTION AND ROTOR CONTROL

A knowledge of the Physical Concepts of blade motion and rotor
control is useful in gaining a physical understanding of the behavior
of the variable camber rotor concept in forward flight, as well as in
estimating the maximum flap deflections that would be required, as the
rotor blade moves into forward flight, from the hover region with the
flap deflected 2 degrees. The equations for computing the 1ift, pro-
pulsive forces and the control setting are available from various
theories, however, to reduce computations to a minimum, due to the
many variables involved, this analysis presents charts, whereby experi-

mental values can be obtained directly.

Positive directions of forces and moments are shown in the following
sketch:

(SOURCE: REF. 61')

ROTOR DESCRIPTION
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The experimentally derived charts in the 40- by 80-Foot Wind Tunnel
(see ref. 4) for a wide range of 1ift and propulsive force coefficients,
are presented in figures 6.2 to 6.4 for an H-34 helicopter rotor blade
(see chapter 2), having a linear twist of -8 degrees, and operating in

forward flight at tip-speed ratios ranging from 0.30 to 0.46.

The rotor blade section aerodynamic for the hovering performance

was illustrated in chapter 5, by utilizing a sketch with the same

Figure 6.1. - Rotor Blade Section Aerodynamics.

physical characteristics as figure 6.1, and the values taken from

PWAKE at 0.75 radius are presented in table 6.1.

Table 6.1-Rotor Blade Section Geometry

Pitch angle, 8 = 6 phover 4.9 degs.
Inflow angle, ¢ 4,36 degs.
Effective angle of attack, a 0.538 deg.

Flap deflection, 8f = 8f hover]| 2 degs.
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Also, it was shown in ref. 62, that the "effective" change in
angle of attack for a unit chénge in flap deflection could be repre-
sented by the following parameter:

ag = 3da | (6.1)
38f |CL = constant

From PWAKE (chapter 5), the value of ag taken at 0.75R was 0.886.

6.1 Computation of Control Setting for Required Lift and Propulsive

Force - The steps required for calculating the control axis and propulsive
force coefficients were as follows (for a given u) for the known para-

meters, L, D or f, p, s, and QR:

(1) Compute Cyp/o from the relationship

Cyr/0 = Drag/ps(QR)2 oruse f _ 0.09
bc R

(2) Compute C R/c from the relationship
Cip/o = Lift/es (aR)2.

(3) Find ag from figures 6.2 to 6.4.

(4) Find 6_75 from figures 6.2 to 6.4

(5) Find ac from figures 6.2 to 6.4 or

from Qe = og - Bls-

(6) Compute Bqg from the relationship
Bis = a5 - oc.

(7 Compute Geometric & for Cy/o = 0.078 at

forward flight from the relationship
6 = 8,75 + B1g for y = 270°
Geometric

The computed values are presented in Table 6.2.
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6.2 Calculation of Required Flap Deflections -~ To estimate the flap

deflection that would be required by the helicopter rotor blade flying

at a given tip-speed ratio, the procedure was as follows for the known

parameters 6 » ag and V.
hover
(1) Compute a6 from the relationship
flap
(6.2)
AB =0 - 6
flap Geometric hover.
(2) Compute &8¢ from the relationship
8§ = A Jad. (6.3)

flap

The computed values are presented in Table 6.3, and also shown in figure
6.5 is a plot of the maximum flap deflection versus the free stream
velocity. The results indicated that the flap deflections vary linearly
with the free stream velocity, and that the required flap deflection at
forward flight for an internally sealed flap in the inboard trailing edge
area having an envelope of 0.5c and 0.90R is approximately 9 to 22 degrees

for tip speed ratios ranging from 0,30 to 0.46.
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TABLE 6.2 - CONTROL AXIS AND PROPULSIVE FORCE COEFFICIENTS

ADVANCE | ROTOR- | ROTOR-
RATIO | BLADE | BLADE 1 2 3 4 5 6
TIP MACH|TIP MACH TROTOR-PROPULSIVE |[ANGLE |COLLECTIVE |ANGLE OF |[LONGITU- GEOMETRIC
w=V | NUMBER | NUMBER FORCE COEFF. | OF PITCH |ATTACK |DINAL CYCLIC| o AT C
OR |AT 90° |AT 270° ROTOR AT OF CONT-|COEFFICIENT T/o
AZIMUTH |AZIMUTH c SHAFT | 0.75R  |ROL AXIS OF 0.078 AT
POSITION|POSITION X (SWASH B FORWARD FLIGHT
R/o ag 6 PLATE) 1 8
M M .75 a s GEOMETRIC
(1)(90)| (1)(270) ¢
0.30 | 0.74 0.42 .0041 -3.6 7 -10 6.4 13.4
0.40 | 0.82 0.36 .0072 -6.5 11 -16 9.5 20.5
0.46 | 0.82 0.324 .0095 -7.5 | 13.5 -18.5 11 24,5
TABLE 6.3 - REQUIRED FLAP DEFLECTION
1 2
) u AB 5
ft/sec flap
210 0.30 8.5 9.6
280 0.40 15.6 17.6
322 0.46 19.6 22,12
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Figure 6.5 - Numerical analysis of flap deflection

versus free stream velocity.
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CHAPTER 7

ASSESSMENT OF PAYOFF FOR TOTAL CONFIGURATION

The assessment of payoff for the total configuration is important in
the evaluation of the variable camber rotor concept. The variable camber
rotor has the advantage of providing more meanline curvature where high
1ift is required and reduced curvature at low 1ift and transonic condi-
tion as required near the advancing blade tip, thus changing the design

restrictions of fixed-contour rotor blades.

In evaluating the aerodynamic section, the analysis shows that the
variable camber obtained by a large chord flap deflection permitted the
attainment of lTow drags at 1ift coefficients above the design range of

the plain VR-7 airfoil.

In assessing the various aerodynamics techniques to reduce the levels
of hinge moments, it was found that all the devices discussed will give
lTower level hinge moment than that experienced by the plain flaps. Ade-
quate comparisons between the different devices themselves to establish
the superiority of one system over another was not made in this analysis,
due to the many differences in test conditions within the Titerature sur-
veyed. The wide variation in the forms of aerodynamic balances employed
is indicative of the lack of any completely satisfactory method of balance.
The results of the various analyses indicated that for a given 1ift coef-
ficient, the reduction in flap section hinge-moment coefficient obtainable

by the addition of a small aerodynamic overhang balance will change with
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the variation of the flap nose shape and the size of the gap at the flap
nose. In general, the lift effectiveness of the flap was the same as for
a plain flap and was unaffected by the small amount of aerodynamic over-

hanging balance.

The variable camber rotor has also been shown to be effective in im-
proving hover shaft power by approximate]y'B%. This improvement was the
result of change in the rotor spanwise 1ift distribution decreasiﬁg hoth
profile and induced power of the entire rotor. It was also the result of
reduced profile drag near the tip for the flapped rotor as compared to the
unflapped confiquration. Since the profile drag increment due to compres-
sibility effects near the tip is a strong function of the 1ift coefficient,
the lower tip loading of the flapped rotor leads to a reduction in profile

drag in this region relative to the unflapped rotor.

As indicated above, the configuration analyzed herein does achieve
the goal of a reduction in both induced and profile power, however, other
factors need to be kept in mind which could affect this result. First,
the effect of the airfoil pitching moment on blade aerodynamics has not
been considered in this model. However, the section pitching moment as-
sociated with large chord flap deflection is small as compared with that
for an ordinary small-chord deflected to produce the same 1lift-curve
displacement, The pitching moment seem to vary greatly along the radius,
as shown in Table 8.1:

TABLE 8.1. - PITCHING MOMENT COEFFICIENT

STATION LOCAL M SECTION C
M
.222R .14 -.0384
.375R .24 -.040
.75R .49 -.0427
.95R .62 -.0476
-99R .65 -.0521
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(A11 these values are somewhat approximate, but should be accurate & ,005).
Thus, pitching moment causing blade torsion should be large but not
unmanageably so; as long as these loads are steady (as they would be, in

hover) they should present no great problem in control system design.

However, this relatively large blade pitching moment could have an
adverse effect on rotor performance because of changes in effective twist
due to torsion on the blade. The negative (nose down) moments could well
reduce the blade angle-of-attack on blade section such that some or all
of the performance gains due to flap deflections are wiped out. More
sophisticated models of flapped rotors must be design which take such

effects into account.

Also, the structural analysis for the concept was not considered in
this analysis, and at first sight, the structural problems associated
with the 0.5¢c flap appear formidable. But with the forward section
having structural properties that are stiffer than the aft section in
all directions, this should permit the application of the large chord

flap without major changes in the structure (also see ref. 63).

In addition, attention must be given to experimenting with various
flapped rotor configurations. In all probability large-chord, small
deflection configurations will be found to be best, and Air Force sources
on maneuvers flaps in fighters should be consulted to verify the perfor-
mance of such devices in a variety of flight conditions. Special empha-
sis should be placed on obtaining reliable method for drag prediction for
flapped airfoils, since, this is a key area in the profile power-induced

power tradeoff and the drag model used herein is sketchy and approximate,

82



Finally some thought should be given to purely mechanical issues:
to achieve a flap deflection along the radius, as is proposed in the pre-~
sent configuration. A number of questions about drag and aeroelasticity
effects must be answered before a retiable evaluation of the flapped

rotor concept can be made.
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CHAPTER 8

CONCLUDING REMARKS AND RECOMMENDATIONS

8.1 Concluding Remarks

8.1.1. Airfoil Section Analysis: - The airfoil section analysis at

different Mach numbers and Reynolds numbers on the VR-7 with a 50-percent

chord flap deflected 0 to 20 degrees indicated the following conclusions:

1. Considerable reduction of the drag coefficients above the low
drag range of the plain airfoil may be effected by use of small

deflections of a large-chord flap.

2. The variation of maximum 1ift, minimum drag, and pitching moment
at minimum drag with flap deflection were nearly linear within

the range of flap deflections analyzed.

3. Reasonably accurate values of the angle of zero 1ift and the
pitching moment coefficient for airfoils with large-chord flaps

may be obtained from the analysis.

8.1.2 Hinge Moment Prediction Techniques: - The hinge- moment charac-

teristics for various arrangements of sealed internal balances were inves-
tigated theoretically for the variable camber rotor., The results of the

investigation indicated the following conclusions:

1. The flap with a sealed gap gave & smaller minimum profile-

drag coefficient than the flap with the unsealed gap.
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Unsealing the gap at the flap nose appreciably decreased the
flap 1ift effectiveness, and the 1ift curve for the airfoil was

also decreased.

Increasing the gap width for a seal of constant width or de-
creasing the developed seal width tends to result in reduced

balance effectiveness.

Varying the cross-section of the overhang from that of a thin
plate presents no important aerodynamic disadvantage, and if
such a change is desired for structural reasons, a considerable
range of design is available in which the seal moments are

unaltered.

Variation of the width of the seal, the sealed gap, or the loca-
tion of the seal attachment to the forward portion of the rotor
blade (wing) structure was shown to affect the seal moments

through most of the overhang deflection range.

The presence of a small gap at the nose of a plain-overhang
balanced flap and of the corresponding unbalanced flap does not
appreciably alter the rate of change of hinge moment plotted

against control deflection.

The tab was effective in producing increments of flap hinge
moment at all deflections at which analysis were made and was
slightly more effective when the angle of attack and the tab

deflection were of the same sign.
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10.

11.

12.

The characteristics of the tab appear to be independent of
flap nose shape and the small amount of flap overhang for the

unstalled conditions of the airfoil-flap-tab combinations.

The amount of data concerning beveled trailing edges available
during the investigation is considered too small to justify any
definite conclusions. . It is believed, however, that use of the
method presented herein will Tead to reasonably accurate estimates
of the effects of beveled trailing edges on the hinge-moment
characteristics of sealed control surfaces. The available data
were insufficient, however, to extend the correlation to include

unsealed control surfaces.

No correlation factor was obtained that would adequately account
for all the variables which affect rate of change of hinge
moment coefficient with anglie of attack or which affect the

deflection range over which the balance is effective.

For positive and zero angles of attack the gap at the flap
nose reduced the balance effectiveness at positive deflections

of the flap.

The data were too meager to justify any definite generaliza-
tions concerning the effects of Mach number on plain-overhang
balances except that increases in Mach number consistently
decreased the deflection range over which the balance was

effective in reducing the slope of the hinge moment curve.
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13. The results of the various analyses indicated that for a
given 1ift coefficient, the reduction in flap section hinge-
moment coefficient obtainable by the addition of a small
aerodynamic overhanging balance will change with the variation
of the flap nose shape and the size of the gap at the flap
nose. In general, the 1ift effectiveness of the flap was
the same as for a plain flap and was unaffected by the small

amount of aerodynamic overhanging balance.

8.1.3 Hovering Rotor Performance: - The analysis for the hovering

rotor performance showed the following conclusions:

1. The variable camber rotor has been shown to be effective in
reducing power consumption. This improvement was the result
of change in rotor spanwise 1ift distribution which is lower
near the tip for the flapped case than the unflapped configu-
ration. Since the profile drag increment due to compressibi-
1ity is a strong function of 1ift coefficient, the lower tip
loading of the flapped rotor leads to a reduction in profile

drag in this region relative to the unflapped rotor.

2. The flap deflection changes the magnitude of the inflow velocity

and redistribute it over the radius, which reduce induce power.

8.1.4 Physical Concepts of Blade Motion and Rotor Control: - Charts

based on several full-scale wind-tunnel tests were used from which 1ift,
propulsive forces and control setting were computed. The results of the

analysis indicated that the maximum flap deflection vary linearly with
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the free stream velocity and also, that the required flap deflection at

forward flight for a ratio of thrust coefficient to solidity of 0.078 is

approximatly 9 to 22 degrees at tip speed ratios ranging from 0.30 to

0.46.

8.2 Recommendations

1.

Special emphasis should be placed on obtaining reliable methods
of draq prediction for flapped airfoils, since this is a key
issue in the profile power induced power tradeoff.

A design study should be given to purely mechanical techniques

to achieve a flap defliection along the radius.

Further analytical studies should be conducted to examine the
dynamic and structural characteristics of the variable camber
rotor concept, with particular emphasis on the coupling between
the flap deflection and the blade bending and flap/lag motion.
Make recommendations for experimental research to develop the

concept.
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APPENDIX A

METHOD FOR DETERMINING HINGE MOMENT CHARACTERISTICS

This analysis gives methods for calculating the quantities ag, aj,
ag, mg, h, by, by, bp, and b defined in the List of Symbols, in sub-
sonic two-dimensional compressible flow. The theory is appTicable to
airfoil of moderate thickness (say up to 20% thick) and for small values

of flap deflection (8f) say < 20 degrees.

An exact method for the calculation of ag, aj and h for airfoils of
any thickness in incompressible flow is given in (Appendix I, Ref. 20).
The exact theory of hinged flat plate in incompressible flow but without

restrictions on the value of &f is given in (Appendix 1V, Ref. 20).

The independent variables of the theory given in Ref., 20 are n and y
defined in the List of Symbols, while the dependent variables are y and 8.
The quantity vy can be readily evaluated as a function of gq/U. It has
been shown (see Ref. 64) that when the approximation

M= Mo (A.1)
is admissible, v and & are conjugate harmonic functions in the W plane.
Equation (B.1) and an equation similar £o vy = jq 172(m + my) 55&

d (109 u )= T(QAwere first used by Yon Ka“rma~“n (;eg Ref. 65) to show
that @ gnd 1 agé approximate harmonic functions in the { v, 6) plane.
Although the theory given below is not really valid when M, is greater
than the critical value corresponding to the first appearance of sonic

speed locally (m = 1-Mz)1/2 by = B pO/p , it can still be applied
P
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with some confidence to calculate the subsonic field when small super-
sonic patches exist. This point is important in the theory of controls
as a high but localized velocity peak does occur at the flap hinge on

the upper surface when 8¢ is positive.

The complex number defined by
f=r+1ie (AR.2)
is approximately an analytical function of W(r and 6 being conjugate
harmonic functions), but if the flow is incompressible, r = log (U/q),

w= ¢+ ip, and so:

f=1log (U e19 = log Udz
q dw (A.3)

whence, it follows that f is exactly an analytical function of w. Thus
the theory of section A.1 (but not of section A.2) will be exact in in-

compressible flow.

A.1 Basic Mathematical Theory - The theory of this section is quite

general and applies to airfoils with and without deflected flaps.

If 6 and 6, are measured from the direction of flow at infinity, ie,

u
fu = Foeo = 0 (A.4)

if 8w = Bgw = 0, it follows from r (q )and equation (A.2) that

Now f is an analytical function of W = -2a cos§ = -2a cosh (n +iy) and
there it is an analytical function of §. In fact, as shown in Ref. 66 ,

™
f(g) = -1 j"log sinh 1/2(iy* - g)de(y*),
x ) y*=-m (A.5)

where 6(y*) is the value of & on the airfoil surface. Equation (A.5)
is the no-1ift solution. If the airfoil is placed at small absolute

angle of incidence a , then on the Joukowski Hypothesis, as in Ref. 64,
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fo () = f(£) - ia -log Sinh 1/2(£ + 2ia)
sinh 1/2 £ - (A.6)

in which it is assumed that the trailing edge is at y = n, and the stream
direction is from x = -» (see fig. A.1). The form of equation (A.6) shows
that the effect of incidence on the front stagnation point is to displace

it fromy = 0toy = -2a.

Important auxiliary equations can be deduced by considering the

form of f, takes near infinity. From equations (A.5) and (A.6) it fol-

lows
m ™
f=+1 (yoe+log 2)de(y*) - 1 y*de(y*)
™ 2w
y*:_-"- y*:_-n-
+E +ia m -iy*
+ e 2ie sina + 1 f e de(y*)
m™
y*=-1
+2¢ +2ia L ~2iy* +3g
+e ie sin 2a + 1 e de(y*){ + 0(e )
27
y*=-m

comparing the equation with equation (A.4), it was concluded that

kLl

de(y*) = 0 (A.7)
y*=-u
and
" " (A.8)
y*de(y*) = - 8(y*)dy* = 0
y¥*=-7 -

Equation (A.7) is the obvious requirement that e(y*) = a(2n + y*), while

equation (A.8) fixes the orientation of the airfoil for the no-Tift
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position. If 8 is measured from the airfoil chord then 8 = 6 + o
and (A.8) yields
ap = -1 6 (y*)dy*,
2w ~
-7 (A.9)
which fixes the value of no-1ift angle.
From the definition, when W +» implies. that £+-«, and
+E
e =-a+0¢a)d,
()

and so the expansion for f, can be written

+ia ™ ~iy*
fo=-a { 2 sina + 1 j e do(y*) } (A.10)
W
a m y*=—‘"
+2ia w -2ia
H(2 )2 { ie sin2a + 1 e  de(y*) }+ 0(a )3
w 27 w
y*:_-n-

From this equation it was concluded that

™ i
j. cosy* do(y*) = j. siny*de(y*) = 0

y*:_-n- y*:_Tr

(A.11)

otherwise when o = 0, f will have a term o(ﬁ), and since from definition
W
Of Yo ‘Y/Boo
(A.12)
q/u will have the form 1 + A/|W| for large |W|, and a 1ift producing

circulation will exist. (An alternative proof for the case of incom-

pressible flows appears in (Appendix I, Ref., 20).
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Finally it follows from d¢ = qds, dy = 3/3 qdn and ¢ = -2a coOS ¥

0
that on the airfoil surface
y
sU = UsinY qy
2a q
0 (A.13)

where the origin of S is taken at the front stagnation point.

A.2 The Airfoil with a Hinged Flap - The theory to be presented

below is only valid for small values of flap deflection angle (sf < 20°).
In general if 8f > 20 degrees or large, the only recourse is to find the
flow about the airfoil and flap ab initio for each value of &§f. The poly-
gon method (see ref. 64) would be very suitable for such a calculation.
However, as shown below, a theory applicable even to comparatively thick

airfoils can be developed when terms o(6f2) can be neglected.

A.2.1 The Velocity Distribution - Subscripts o and §f will be used

to denote values when the airfoil is at incidence absolute o with a flap
deflection(8f), while the absence of subscript denote the case a= &5 = 0.
Consider the airfoil, for which a =6f = 0, shown in Figure A.2(a). Since
solution has been obtained for this case, we can therefore deduce q/u and
s/c as functions of y(defined by 8 = -2a cos y) and(Figure A.1). If the
polygon method had been used to find the solution, q/u and s/c will be
immediately available as functions of y(see example (b), section 5,

ref. 20); otherwise suppose q/u is given as a function of S, then the

equation
s/c

= - cosy = (ﬂ) s q/ud (s/c) -1
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which follows from d¢ = qds, dy = z/goudn and ¢ = -2a cosy, enables
s/c = s/c(y), and hence q/u =q/u(y) to be calculated. The constant

(cU/2a) must satisfy
e (s/c)
1 = fcU q/VU d(s/c
5 |
)

where p is the perimeter distance from the leading to the trailing

edge.

In figure A.2 the flap surface is shown starting at c, where y = g,
and F, where y = -1j. When 8¢ = 0, each of ¢ and F correspond to a
value of x/c of 1-E. The hinge will be taken to be at x/c = 1-E', and

of course for thin airfoil E = E'.

The most important increments (6p, say) to 6 due to the deflec-
tion of the flap are shown in figure A.3. They are due to (i) the front
stagnation point shifts to some point A, where y = A say, and conse-
quently the flow direction between A and B is reversed, i.e. 8 is decreased
by n in O<y < A, (ii) the deflection of the flap reduces & by &f in

-m<y<-11, Ag<y<m, and (iii) 6 is incresed by «' - a in - w <y < 7
0 o}

due to a change in the no-1ift angle from o to a'p. Unfortunately these
are not the only increment to 6, for the modification to the velocity
distribution which they produce (see equation A.26 below) slightly
distorts the relation between s and A (equation (A.13))and consequently
causes a slight change (28) in e(y). Thus e can be written for &¢ £ 0

as:
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where 6y is the value of 6 when 8¢=0. For a thin airfoil the distortion
in the (s,y) relation will result in quite small values of A6 away from
the nose of the airfoil as A8 = As/R, where As is the change in s. The
largest values of A6 will be near the nose, but these will have a com-
paratively small effect on the velocity distribution over the flap, and
therefore on Ch. Thus only a small error will be introduced (except

in the velocity distribution, near the nose) by writing

5] = eo + ep
Sf (A.15)

Now 65 satisfies equations (A.7), (A.8) and (A.11), and since e§|nust
also satisfy these equations, this must also be true of 6p. The incre-
ment 6 is a step function with jumps in value as set out in the fol-

Towing table:-

Y - 1{ 0 A { o | v
Jump in © -8 +a' -a § | -n m -8 § -a' +a
p f o o f f f o o

and consequently the Stieltjes integrals in equations (A.8) and (A.11)

degenerate to

ZH(S -a' +a' ) -8 (A +x )+ mA=0 (A.16)
f o o f 1 )

§ (cos A -cos A )+ w(l -cos A) =0 (A.17)
f o 1

§ (sin x+sinx) -msina =0 (A.18)
f 0 1
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Equation (A.7) is obviously satisfied by 6p. Equations (A.17) and
(A.18) yield

A=A =2 _ (A.19)
o 1
and sin 1/2 X = 8¢ sin A
™ m (A.20)
where Ao=1/2(x +2) (A.21)
m o] 1

These equations imply that we cannot fix the postions of ¢ and F (see
Fig. A.2) independently. It is convenient to regard &f and Ay as the
dependent variables. Equation (A,16) fixes the value of (ad- ag),

the change in no-1ift angle due to the flap deflection. Using equation

{A.20) and ignoring the terms o(6f2) give

a' ~a =68 (1-2y +Sil‘ﬂ]) (A.22)
whence
a((!'O - (!0) =1 ~ Am_"' sin Am
< 98 f ) P n (A.23)
é
In (Appendix III, ref. 15), it is shown that these equations are exact

for incompressible flow about a flat hinged plate.

Substitution of equation {A.15) into equation (A.5) yields

f .8 () = f(g) ~i(s6 - a' )+ &f log sinh 1/2 (E-i)g)
o f f 0 m sinh 1/2(g+i) )
1

+ log sinh 1/2 & .
sinh 1/2(g-11)
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If the airfoil is now placed at an absolute incidence of o the front
stagnation point will be displaced fromy = A toy = A -2a, and hence
(c.f. equation (A.6)) will give

f ,68)="Ff(g)-0(6-a"+a +a)+ 8f log sinh 1/2(g-ixrp)
a f f o o) ™ sinh 1/2(g-1x1)

+ log sinh 1/2¢ (A.24)
sinh 1/2(g+271a-11)

on the airfoil surface, n=0, and equation (A.24) becomes with the aid

of {A.19) and (A.21)

vy (y) = v(y) + &f log_sin 1/2(y - 12 ) - ;m!
a8 T sin 1/2(y -1/2 X = Xy
f (A.25)
+ log sin 1/2 y
sin 1I/2 (y + 2a- 1)

where X and )y are related by equation (A.20). The velocity distribu-
tion now follows from the expression for r defined earlier. At low Mach

numbers the approximation (A.12) is valid, when equation (A. 25) yields

(y)
qé 8¢/ MBo 1
a,f =q { sin 1/2(y-1/2x+ Am¥ { sin 1/(y+2a- A)fﬁm
] U sin 1/2(y-1/2x+ Xy) sin 1/2y

(A.26)

In the calculations of the various derivatives for C_, Cy and Cp
it would be convenient at first to regard a and 8¢ as independent
variables, Subsequently o will be replaced by (a = o” + oy when
8¢ % 0 and equation (A.22))

a=a +a+8 (1 -2am +sin am) (A.27)
o f ™ 11

so that o” and &f become the independent variables.
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s =

A.2.2 Calculation of Cy, ap, a1, and as - The 1ift coefficient,

CL, is defined by the contour integral taken round the airfoil surface.
C|_=-_1_¢Cpcoseds,
C

where the pressure coefficient Cp is a function of y, &f and a. Thus

since
_cl_cos 6 ds =&iq£d¢ =(ﬁ_§) (U cgs ] )sin y dy,
™ _ (A.28)
CL = -(121_2) j Cp sin y(U co; ) ) dy

If v is the ratio of the specific heats, Cp is given by

5 v/v-1
Cp= —2 1- v-1 M, q 2 .

W2 7 <a,6 ) -1 —1

f

1]

from which it folows that
aC - 2(q\ 0/0w (A.29)
~37a/0) ()

It is easily deduced from vy(q/U), equations (A.20) and (A.25) that

jq/U! 1 (4} M Peo cot 1/2 y
Boo \ U/\ M+Me P
=0

and
3(q/U)\ +-1 ([ gy 2m Pw 1 log sin 1/2(y-am)
KBG B \ U \M+M, P ™ sin 1/2(y+xm)

f

a=8=20

f
+ sin am cot 1/2 y } ,

v
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and hence from equation (A.29)

aC =- 2 Xxgq@cot 1/2y (A.30)
(ﬁp) )
u.=6f=0
and
Egp = 2 X 09)2 1 log sin 1/2 (y - am) + sin am cot 1/2y
LA B u m sin 1/2 (y - am) n
ot.=6f=0
(A.31)
where X = 2me
M+Mo,

is a function of q/U. This function is given in (Table 2, ref. 64 for
Mo = 0.5 to 0.79). Differentiating equation (A.28) with respect to o and

8¢ and making use of equations (A.30) and (A.31), give

™
ac) =_2 (4 j X(q/U cos 6) cos? 1/2 ydy
3a Boo uc) 1, (A.32)
cx=6f——0
and il
3Cy. =-_1 = (4a X(q/U cos 8) siny
aq B Uc
-
a=68=0 (A.33)

log sin 1/2{y - xm) + sin am cot 1/2 y } dy
sin 1/2(y - xm) m

Y
r——
3=

If the polgon method of calculating q/u has been used,(4a/uc), g(y)

and 6(y) will be known, x(y) can be readily deduced from tab]esusuch as
those given in ref. 64, and so the integral in (A.32) can be evaluated

numerically without difficulty. A calculation of this type appears in

ref. 64.
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A simple approximation can be found by writing
X =qfucos 8 =1 (A.34)

in the integrals of equations (A.32) and (A.33). It was found that

0 = 2n  4a
da Beo Uc
6=¢, =0 (A.35)
and
aCL —
(ﬁf) =0
a=5, =0 (A.36)

f
Equation (A.36) is in any case obvious since Cy depends only on a. From
CL=o (3C + & (0L ,
da 38
' 0

a=6f =0 a=6f =

and equations (A.27), (A.35) and (A.36), it follows that

Beo [0} ki L

C|_=21T(T4Jl_a_){a+a'+ 5 (1-M +s1'n>\m>} .
[

A comparison of this equation with the expression for C| = agtaja’+apsf

yields
a = 2=n 4a a (A.37)
0 Boo Uc 0
a = 2n( 4da (A.38)
1 Bo \ Uc
and
ap/ay = 1 - am + sin am (A.39)
™ T

CL=a +aa +as
) 1 2 f
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It is well known that for thick airfoil in incompressible flow, equa-
tions (A.38) and (A.39) are exact (see Appendix I, ref. 20), while in
(Appendix IV, ref, 20) it is shown that equation (A.39) is exact for the
flat plate in incompressible flow. An approximation for the parameter
(4a/UC), which occurs throughout the analysis, is given in (Appendix II,

ref. 20).

A.2.3 Calculation of Cyu, h and My - The equation corresponding to

(A.28) for the moment coefficient about the leading edge is
™
C=(_gg)l C{ x+ytano u cos 8 \siny dy
m ‘Uc p\ ¢ ¢ U
-

where x/c is measured from the Teading edge. Differentiating this
equation with respect to « and 8f and making use of equations (A.30)

and (A.31) give

k1
3_(:m =- 2 (ia_) X[ x+ytan 6 \gcos e cos2 1/2y dy,
da Bo ' Uc c c U
a=6¢=0 -7
and ™
3Cpy = 1 (ﬂ) X{x+y tan o g cos 8
a8f Beoo Uc c c u
a=8f=0 -

x{_l log sin 1/2(y - am) + sin am  cot 1/2y }siny dy
T sin 1/2(y + am) 'rr

which can be evaluated directly when q/u has been calculated by the

polygon method (see reference 64).
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Approximations to these equations can be found by writing Ux = 2a
+ ¢, which lead to

x =1/2 (59_) (1 - cos y),
c Uc

ignoring the very small 'Q:fan 8" term, and using equation (A.34).

O

The results are

a=6¢=0 (A.40)
and 3C, =-_1 [ 4a 2 sinam (1 - cos am),
a=6£=0

but C; = aja, and so it follows from equations(A.35) (A.40) and the
definition of h and my that

h

1/4 (4a/Uc) (A.41)

m (4a/Uc)2 sin am(1 - cos am).

° 28

Thus
Cm = - hCL - mpsf

A.2.4 Calculation of Cn, by, b1, @nd bo - By comparing with the

equation for Cy given in section A.2.3, it is clear that the coefficient

of the hing-moment, Cp is given by

Sl W e

-1+ E' +y tan e}(u cos 6 )sinydy,
- T }\0

c q

O]x

(A.42)
the hinge being at x/c = 1-E', where y = A'y. From equations (A.19)
and (A.21), &f > O implies XAy + Ag + Ap. Thus
- am L
(Ch) , =1/2(4a)1 ] + j cp{5-1+5'+ltane}

a=8¢= Uc / E2 c C
-7 am,

(_L“l cos e) sin y (A.43)
q
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which has to be calculated numerically just as in the exact treatment of

equation (A.32)

Differentiating equation (A.41) give, with the aid of equations

(A.30) and (A.31),
= Am w

aCh -2 ia_j +I {1-1-E'+_xtane}
da BwEZ Uc c c
- am

a=8¢=0

x(gc% e)c%2]j2ydy
1]

and - Am m
3CH = -1 (ﬁg)j + j X{_ﬁ -1-E'+ytan e}
3d¢ Be E 2\Te c c

a=8¢=0 -7 am

g cos 6 |siny x{sin am cot 1/2 y +1 Tlog sin 1/2(y - am) } dy.
U n R sin 1/2(y + am)

The expression (%%2) neglected a very small term due to the dependence of
a=8¢=0

the 1imits of the integrals in equation (A.42) on &¢. Equation (A.44)

can be evaluated numerically, but for thin airfoils travelling at speeds

such that Me is well below the critical Mach number the following approx-

mation will be sufficiently accurate. It can be shown that

X{é_- 1-E' +y tam e} (g cos 0)=1/2 (4a, (cosA'm - cos y).
1]

c c Uc

which results in

3Cy =-1 » 1532 x( sinxm(1l + 1/2 cosim - cosx'm))
da By E Uc
a=8¢=0

+ (m - am)(cosra'm - 1/2) ,
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and

aC =1 4a\2 sinam x §(x - am)(1 - cosam) - sinam
(32) a2 (gg) =™ t )t :
o=8F=0 (1 + cosam - 2 cosx'm)}.
Now
Ch = (Ch) +a (Eg_h) + 6f (igh) ,
a=8¢=0 da o6f
a=8¢=0 a=6F=0

and using equation (B.27) gives

Ch =](Ch) + oo (2Lh) + o (i(ih)
a=6f=0 98 1)
a=8£=0 a=68f=0
+ 8 1 - am + sinam ) (3C + 43C .
f ( e >(—32) ‘ (57)
a=6¢=0 a=6¢=0

comparing the expression Cp = by + bja” + bodf, and using the values

of the derivatives found above, it can be concluded that

b = (Cp) = - q 43 \2 sinam(1l + 1/2 cosixm - cosi'm)
o M amsp=0 g2 (12)
+(m - A )(cosa'm - 1/2) (A .45)
b=-1 (&g)z {sinxm(l + 1/2 cosam - cosa'm) + (m - am)(cosi'm -1/2)}
1  Ba Ep \Tc
b=- 1 (53)2{(n-xm)sinxm + 1/2 sinm - (1/2 - cosx'm)(n-xm)z}
2 we. E2\Tc

while from C_ = aja and the definition of b can be shown as follows:

b= 1 d4ay\ 2 sinam{ (v - am)(1 - cosam) - sinam(1l + cosim
Z‘H’Bm E2 (UE) {
- 2 cosa'm)}
(A .46)
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APPENDIX B

AIRFOIL COORDINATES
AIRFOIL: VR-7 WITH 0° T.E. TAB

o o TT— it

AIRPOIL COORDINATES CHARACTERISTICS
® Thickness, t/c = 0,12

x/o ¥/cy ¥/c, ® Leadiny Edge Circle
. r/c = .0113

c. e. 0.

008 0165 —-.00575 Center at x/.C = .01055

01 -0218 | -.0021 Yc = .004

.02 -0258 -.0109

-03 -0361% } -.012% .

04 0418 | -:01445 ® Trailing Edge Tab

.05 .:uo.; —.‘oxs:s £from x/c = .96

-06 -0502 ~-.01710 X/c = 1.01

07 0541 -.01805 "

085 0593 - 01985 T.E. Tab Thlckness,

-102 -.0645 | -.02145 t/c = 0.005

23¢ 0731 | —corar

-l‘ - bl

236 L0715 - 0251 TYPE OF DATA AND METHOD OF TEST
-20 -0838 | -.0268 Two-dimensional test in the sub-
:::; ::::; :::g:g sonic insert of the Boeing

.29 ~090% -.0285 Supsrsonic Wind Tunnel in Seattle,
«33 {1 054 -.0289 Wash.

37 -0905 -.0290

-41 oss? -.0285

:{s touc -.0275 Lift and pitching moments were
-49 -0816 | ~.0260 measured with a balance.

52 ‘o710 | ~Ip230

-5 - -

-6 +0646 § =.0199 prag was detarmined by a tra-
-85 ~0380 | =.0179 versing wake probe survay.

-3 Zoier | ~oorss

237 -03%24 { -.0107 Mode) Choxd = 6.38 in

.81 -8301 4 ~.008¢S 3

.“’ ..2:‘ -,0064 spm = 12 an

-88 «01€7 | =.00423

2 =905z | =-0006 Dadona, L., and McMullen, J.,
1.0l “ees0 ::. "HILH/ATC Rotor Systen Two-

Diransional Airfoil ZTest”,

Boeing Documant D301-10071-1,
Decexber 1971.
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AIRFOIL: 'VR-B With 0° T.E. TAB

—

ATRFOIL. COORDIRATES

POy PN

e Jon_

3/ 1 ¥/Cupp |¥/C1ow
0. 0. 0. .
- 005 .00850 | ~.00535
.01 .01175 } -.0737
-.015 -01425 | -.0088R0O
-025 .0183 | +.01090
-035 -0217 -.01255
.05 -0261 |} ~-.01465
.07 -0309 1-.01685
=095 .0357 §-.0190
125 .0402 -.0212
.16 ~.0444 -.0232
.20 | -0480 }-.0250
«25 -0510 -.0266.
.30 -0530 |}-.0277
35 .0535 }~.028B0
«40 -0525 }~-.0276
-45 .0502 =-.0265
«50 -0467 |-.0247
55 .0426 |}-.0225
.60 .0380 }-~-.0200
.65 .0333 -.0175
.70 -0285 }-~,0150
«75 -0237 §-.0125
-85 -01428 | ~.0075
.89 -.01048 |-.0055
«92 -00761 |—.0040
«945 .00524 {-~.00275
296 | -003404)-.001536)
1.01 -.003404] -.001596
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CHARACTERISTICS

¢ Thickness, t/x = 0.08
o Loading Bdge Circle:
r/c = 0.00585

Center at x/c =
y/c =

® Trailing, Edge Tab:

from x/c = 0.96
to x/c = .1.01

T.E: Tab Thickmess, t/c = 0.005

0.0058
0.00088

“TYPE OF DATA AND METHOD OF TEST

Two-dinensional test in the sub-
sonic insert of the Boeing super-
sonic wind tunpel in Seattle,
Washington.

Lift and Pitching moments were
neasured with a_balance.

Drag was determined by a traversing
wake probe survey.

Model Chord = §6.38 in
Span = 12. in

SOURCE
Dadone, L., & McMullen, J., “HLH/
ATC Rotor System Two-dimensional

Adrfoil Test®, Boeing Document,
D301-10071-1, December, 1971
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